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Remarks 

Claims 1-28 are pending in the application. 

Claims 1-5 and 8-10 have been rejected under 35 U.S.C. § 102(b) as being anticipated by 
Long et al {Plant Physiol, 1994, 105:115); and claims 1-5, 8-10, 12-17, and 21-25 are rejected 
under 35 U.S.C. § 103(a) as obvious over the same reference. 

Applicants respectfully traverse the § 102(b) and § 103(a) rejections over Long et al, set 
forth at pages 2-5 of the latest Office Action. In support of their traversal, Applicants reassert the 
cited reference is not enabling . It fails to provide the ordinary artisan with any expectation of 
success. In fact, the cited reference provides nothing but an invitation to experiment. Although 
Long et al states that "Plant nitrogen metabolism has been altered by transformation with a highly 
active assimilatory bacterial glutamate dehydrogenase gene," no details whatsoever are provided. 
There is no teaching of how one would identify such a gene. No DNA sequence information is 
provided. No source plasmid is identified. No restriction enzyme cleavage information is provided. 
There is no teaching regarding source organism for the gene. No transformation vector is provided. 
No transformation methods are suggested. There is no teaching regarding the target plant species. 
In fact, there is no proof that any transgenic plant was obtained, nor even any transgenic plant cells. 
Although the authors assert that nitrogen metabolism in some type of purportedly transgenic plant 
was altered, they do not tell in what way it was altered. They speculate that "increasing the activity 
of plant nitrogen metabolism enzymes may alter plant growth", but maybe not . They further 
speculate that "increased yield and protein content . . . may result," but maybe not . They state that 
their unidentified bacterial GDS gene "has been altered by PCR ... to modify the coding region "yet 
they provide no guidance as to what alterations were made. They assert that the 5' non-coding region 
of the unidentified GDS gene has been altered, but they don't tell how . They assert that the 3' non- 
coding region has been altered, but they don't tell how . They state that "certain codons likely to 
inhibit expression . . . have been altered", but they don't tell how . Finally, they conclude "The effects 
of the various sequence substitutions [none of which are identified] on gene expression in plant cells 
[unidentified] compared to the unmodified gene [unidentified] will be reported." The ordinary 
artisan is clearly left to speculate whether any effects were observed or not. There is no teaching that 
the experiments in unidentified plant cells using unidentified transformation techniques (successful?) 
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with an unidentified transformation vector, which may or may not have contained an unidentified 
bacterial GDH sequence, which was purportedly modified in a number of teasingly unspecified ways, 
had any observable effects at all . 

It is irrefutable that to be a sufficiently anticipatory prior art reference under §102, the prior 
art reference must be enabling. The Court of Appeals for the Federal Circuit has stated, "when there 
is no disclosure of any specific starting material or of any of the conditions under which a process 
can be carried out, undue experimentation is required; there is a failure to meet the enablement 
requirement that cannot be rectified by asserting that all of the disclosure related to the process is 
within the skill of the art." Genentech Inc. v. Novo NordiskA/S, 42 USPQ2d 1001, at 1005 (Fed. 
Cir. 1997). Long etal. discloses none of their starting materials. Long et al. discloses none of the 
conditions under which their processes were performed. In view of the foregoing, it is abundantly 
clear that this one paragraph abstract fails to meet the requirements of an anticipatory reference and 
the rejection should be withdrawn. 

Further, regarding obviousness, Long et al, provides nothing but the suggestion to 
experiment to one of ordinary skill in the art. It is woefully lacking in specifics of any kind, whether 
experimental procedures or resulting data, which might provide the ordinary artisan with the required 

reasonable expectation of success. See KSR Int'l Co. v. Tele/ex Inc., 550 U.S. , 127 S. Ct. 1727 

(2007). Because the reference is not enabling and fails to provide any expectation of success to the 
ordinary skilled artisan, no prima facie case of obviousness has been set forth, and the rejection 
should be withdrawn. Reconsideration is respectfully requested. 

Next, claims 1-3, 5, 8, 10, 12-14, 16, 18-22, and 26-28 have been rejected under 35 U.S.C. 
§ 1 03(a) as being obvious over Coruzzi et al. (U.S. Patent No. 6, 1 07,547); and claims 1-5,8-10, and 
12-28 have been rejected under 35 U.S.C. § 103(a) as being obvious over Coruzzi et al. in view of 
Long et al, as set forth at pages 5-6 of the latest Office Action. Applicants note that the examiner 
has questioned the date of the grant proposals submitted as part of the last Response. True and 
correct copies of the grant proposals and related correspondence in unredacted form accompany this 
Response. The unredacted dates show that the grant proposals are from 1991 . Reconsideration in 
view of this is respectfully requested. 
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Finally, Applicants gratefully acknowledge the examinees indication that claims 6, 7, and 1 1 
would be allowable if resubmitted in independent form. 

In view of the foregoing remarks, the applicants believe that the currently pending claims are 
in condition for allowance, and such action is respectfully requested. 

The Commissioner is hereby authorized to charge any fees under 37 C.F.R. §§1.16orl.l7as 
required by this paper to Deposit Account 19-0065. 

The applicants invite the Examiner to call the undersigned if clarification is needed on any of 
this response, or if the Examiner believes a telephonic interview would expedite the prosecution of 
the subject application to completion. 




Phone No.: 352-375-8100 
Fax No.: 352-372-5800 
Address: Saliwanchik, Lloyd & Saliwanchik 
A Professional Association 
P.O. Box 142950 
Gainesville, FL 32614-2950 

JL/mv/abt 
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Washington. D.C. 
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Dr. Robert R. Schmidt 

Dept. of Microbiology & Cell Science 

University of Florida 

1053 McCarty Hall 

Gainesville, FL 32611 

The following proposal has been received- by the Awards 
Management Division (AMD) : 

TITLE: Development of Transgenic C3 Plants Requiring Less ATP for NH4 
Assimilation 



Proposal Number Assigned by AMD: 9103534 
Date Received: 03/20/91 

Any correspondence concerning this proposal should include the 
above proposal number assigned by AMD, and the title. 



cc: Gerald L. Zachariah 



Your proposal has been received by the Nitrogen Fixation/ 
Metabolism Program « We expect the review process to be completed 
mid July 199l„ In the meantime, please keep the program informed 
of any changes in your telephone number, status of current 
research and/or pending grant support* 

The Panel Manager for FY91 is Dr„ Paul Ludden of the University 
of Wisconsin-Madison. 

Any correspondence should be address to: 

Dr« H. Jane Smith 
Program Director 

Nitrogen Fixation/Metabolism Program 

Room 323/ Aerospace Building 
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901 D Street, SW 
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Washington, D.C. 
20250-2200 



PROPOSAL NO: 9103534 

PROGRAM: National Research Initiative Competitive Grants Program 
PROGRAM AREA: Nitrogen Fixation & Metabolism 

TITLE: Development of Transgenic C3 Plants Requiring Less ATP for NH4 
Assimilation 



Dr. Robert R. Schmidt 

Dept. of Microbiology & Cell Science mil o 5 1391 

University of Florida J 
1053 McCarty Hall 
Gainesville, FL 32611 

Dear Dr . Schmidt : 

We regret that the National Research Initiative Competitive Grants 
Program (NRICGP) is unable to support your proposed research project. 
As a result of an inadequate budget, the NRICGP is able to fund only 
a fraction of the meritorious proposals received. While the scientific 
quality of proposals and the cost of research are constantly on the rise, 
the budget for agricultural research has not kept up with the trend. 
We are continuing our efforts to make awards that are meaningful in terms 
of duration and funds awarded. You can imagine, therefore, that the 
competition is extremely keen. 

In evaluating each proposal, several factors were considered, of which 
scientific merit was the most important. Your fellow scientists spent 
much time and effort in evaluating your proposal and many of them offer 
constructive comments in their reviews. These comments will be made 
available to you upon written request to: 

Program Area: Nitrogen Fixation & Metabolism 
National Research Initiative 
Room 323 Aerospace Building 
Washington, D.C. 20250-2200 

Or you may FAX your request to: 

Program Area: Nitrogen Fixation & Metabolism 
FAX #: 202-401-6488 

Upon receiving this request, reviews and panel summary will be sent to 
you in due course. 

Sincerely, 




Identical letter to Dr. Gerald L. Zachariah 



Panel Summary 

910353^ 

Sen -71 idf: 



"he canel was impressed with excellent progress made in the 
previous granting period in the def i n i t i on " of the biochemistry 
and genetics of NADP- spec i f i c GDH of Chlorel la sorokiniana . Th 
current proposal which would transform a G0GA7-/GS- Arab ideas i * 
genotype with the Chlorel la GDH is exciting and generally well 
conceived, but the energetic advantage conferred " appears to be 
slight, as discussed in the reviews. While the substitution of 
Chlorel la GDH for GS/GCGAT addresses the kinetic problem of 
higher plant GDH , i.e, the high Km for ammonia, it does not 
ac!lr = =,s the thermodynamic problem, i.e., the Keq for the GDH 
reaction. The GDH reaction will proceed toward release of 
ammonia under most physiological conditions. The panel also 
noted a critical problem in the proposal relating to the 
survivability of transformed G0GA7-/G3- Arab idoosi 5 . 
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National Research Institute 
Room 323 Aerospace Building 
Washington DC 20250-2200 

Dr. Dr. Stumpf: 

Thank you for your letter of June 25, informing me that my grant proposal 
(No. 9103534), "Development of Transgenic C 3 Plants Requiring Less ATP for NH 4 + 
Assimilation", was not approved for funding. 

Please send me the reviewers' comments so that I can use them to revise my 
proposal and resubmit it for the next grant deadline. 

I am naturally very disappointed to have my proposal denied funding. This 
is the first grant proposal that I have had "turned down" since the initiation 
of the Competitive Grants Program. I believe the research described in this 
proposal is of importance both to basic research and to agricultural plant 
biotechnology. 



Sincerely yours, 




Robert R. Schmidt 

Graduate Research Professor 

RRS/ms 
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PROJECT SUMMARY 

Under photorespiratory conditions, C3 plants expend a large amount of ATP/reducing 
equivalents for net assimilation and reassimilation of NH 4 * by the chloroplastic glutamine 
synthetase/glutamate synthase (GS/GOGAT) pathway. Chemical mutagenesis and 
Agrobacterium -mediated transformation of Arabidopsis will be used to replace its 
GS/GOGAT pathway with a Chlorella chloroplastic glutamate dehydrogenase (a-NADP- 
GDH) which has a high NH 4 + affinity. The cDNA and nuclear gene, encoding the 
precursor-protein for this enzyme, will be inserted into a binary vector for transformation 
of root explants which will be regenerated into plants. NADP-GDH cDNA/gene constructs 
will be placed under the control of homologous or heterologous promoters. Chloroplast 
transit-peptides from Chlorella and Arabidopsis will be tested for their abilities to direct the 
import of the precursor-protein into Arabidopsis chloroplasts. Constructs are also designed 
to determine if the precursor-mRNA transcript from the NADP-GDH gene (with many 
introns) will be processed' ra^^ NADP-GDH~activity will 

be analyzed to ascertain whether an increase in efficiency of NH 4 * assimilation is translated 

into a net gain in plant productivity. 
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PROJECT DESCRIPTION 

A. Objectives 

1. To use a combination of chemical mutagenesis and Agrobacterium -mediated 
transformation of Arabidopsis thaliana to replace its chloroplastic glutamine 
synthetase/glutamate synthase (GS/GOGAT) pathway with the Chlorella sorokiniana 
chloroplastic NADP-specific glutamate dehydrogenase (NADP-GDH) a- 
homohexamer which has a very high affinity for NH 4 *. 

2. To determine whether this pathway replacement will improve the energy efficiency 
of NH 4 * assimilation/reassimilation in a C3 plant under photorespiratory conditions 
by saving one ATP for every NH 4 + incorporated into glutamate. 

3. To provide comparative biochemistry/molecular biology data on the ability of 
gene/cDNA~(and-associated4ntron~splice-sites,- regulatory- regions 

chloroplast transit peptide sequence from a lower eukaryotic plant cell to be 
expressed or function in a higher plant. 

B. Background, Significance, and Progress Report 

In chloroplasts of C3 higher plants (e.g., Arabidopsis ^) GS and ferredoxin-dependent 
GOGAT function together in the biosynthesis of glutamate from NH 4 + produced (i) by 
reduction of N0 3 " absorbed from the soil, and (ii) from deamination/decarboxylation 
of glycine during photorespiration (Fig. 1A). The primary route of inorganic nitrogen 
into organic nitrogen metabolism in higher plants is via transamination of the a-amino 
group of glutamate (synthesized by the GS/GOGAT pathway) to a-keto acids (1,2). 
Ammonium assimilation and reassimilation require a very large expenditure of ATP and 
reducing equivalents, particularly under photorespiratory conditions (3-5). This ATP 
expenditure becomes even greater as the nitrogen nutrition of the plant is increased. We 
have observed (unpublished data) that total GS activity in certain C 4 grasses can increase 
more than three-fold as the concentration of N0 3 ~ or NH 4 * in the nutrient medium is 
increased from 1 mM to 20 mM. 

There appears to be a major difference between some lower organisms and higher 
plants in how they regulate NH 4 * assimilation and the utilization of ATP for this process, 
particularly at high nitrogen levels. At high NH 4 * levels, many bacteria, fungi, and green 
algae repress/inhibit the GS/GOGAT pathway and induce a NADP-GDH (6,7) to 
incorporate NH 4 + into organic nitrogen metabolism via glutamate (Fig. IB). By use of 
this alternate route instead of the GS/GOGAT pathway, one ATP is saved for every 
glutamate synthesized, thereby making nitrogen assimilation more energy efficient at 
high nitrogen levels. Most higher plants do not have an NH 4 * inducible NADP-GDH 
and therefore assimilate NH 4 * by the GS/GOGAT pathway regardless of the level of 
nitrogen nutrition. Although most plants have a constitutive mitochondrial NAD-GDH 
and some have a chloroplastic NAD(P)-GDH, these GDHs (7) have low affinities for 
NH 4 * (K^ of 5-50 mM) compared to the plant GS isoenzymes which have very high 
affinities for NH 4 * (K^ of 0.01-0.02 mM). One experimental approach for possibly 
increasing the efficiency of NH 4 + assimilation/reassimilation in higher plants is to replace 
the chloroplastic GS/GOGAT pathway with a high affinity NADP-GDH from a lower 
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organism- 
Research in this laboratory has revealed that the unicellular green alga, Chlorella 
sorokiniana. has a constitutive, mitochondrial, tetrameric NAD-GDH (identical subunits, 
each 45,000 Da) and two NH 4 *-inducible chloroplastic, homohexameric NADP-GDH o- 
and /3-isoenzymes (subunits 55,500 or 53,000 Da, respectively) which have strikingly 
different affinities for NH 4 * (8-11). We have determined (11) that below 3 mM NH 4 * 
in the culture medium only the a-homohexamer accumulates in the chloroplast. Above 
this NH 4 * concentration, both isoenzymes initially accumulate (Le., 1 st 120 min), then 
accumulation of the a-subunit ceases, and only the 0-homohexamer continues to 
accumulate at long induction times (i.e., 3-12 h). From additional nitrogen nutrition 
studies in which the cells were subjected to rapid transitions between low and high NH 4 * 
concentrations, we concluded (11,13) that some type of feedback mechanism switches 
gene expression from synthesis of the a-subunit to the /3-subunit as intracellular nitrogen 
metabolite(s) reach a certain threshold concentration. 

The^ C.-sorokiniana -arhomohexamer-has--a-very^high_affinity,for_NHA— (K^janges 

between 0.02 mM- and 3.5 mM) and is allosteric in that its NH 4 * K,,, varies.with.NADPH 

concentration (11). Our serach for the scientific liter attire has not "revealed any other 
reports of a GDH with an NH 4 + as low as 0.02 mM. This NH 4 + K„ falls into the 
range of those reported for higher plant GS isoenzymes (0.01 mM - 0.02 mM). In 
contrast, the /3-hcmohexamer has a low affinity for NH 4 + (K,,, = 75 mM) and is non • 
allosteric with respect to NADPH. When cells are synthesizing both a- and /3-subunits 
early during the induction period at high ammonium concentration, homo- and 
heterohexamers (i.e., 6a, 5a:l0, 4a:2/3, 3a:3/3, 2a:4/3, la:5/3, and 6/3) accumulate within 
the chloroplast (37). These NADP-GDH heterohexamers presumably have NH 4 + K,,, 
values which fall between those of the two homohexamers (11). In addition to the 
process which controls the differential synthesis of the a- and /3-subunits, we have shown 
(20,21) that the levels/activities of the NADP-GDH holoenzymes are regulated by a Ca* 2 
and ATP dependent inactivation/degradation process involving covalent-modification of 
the subunits as an obligatory step to their degradation. 

By use of a very specific polysome immunoselection procedure, coupled with 
oligo(dT) chromatography, we purified the NADP-GDH mRNA 1290-fold to apparent 
homogeneity from C. sorokiniana cells accumulating primarily the /3-homohexamer (35). 
In vitro translation of this purified mRNA produced a single protein with a molecular 
weight of 58,500 (35). In vitro translation of total poly(A) + RNA, isolated from cells 
synthesizing primarily the a- or /3-homohexamer resulted in the synthesis of 58,500 Da 
precursor-protein(s) which are processed in vitro (by C. sorokiniana extracts) to 55,500 
Da and 53,000 Da subunits (11,36). These two subunits have very similar peptide maps, 
and both can be immunoprecipitated by polyclonal antibodies prepared against one of 
the subunits, indicating that they have a high degree of sequence homology (11). This 
sequence homology between the a- and ^-subunits and the identical size of their 
precursor-proteins prompted us to consider whether these two subunits might arise from 
(i) the differential processing of a precursor-protein encoded by a single mRNA and 
gene, (ii) the specific processing of two very similar precursor-proteins encoded by two 
mRNAs formed by alternative splicing (16,17) of a precursor mRNA transcribed from 
a single gene, or (iii) the specific processing of two precursor-proteins encoded by two 
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mRNAs transcribed from two closely related genes. 

Progress Report (September 1, 1989 - March 1, 1991) 

The previous grant proposal "Nuclear Gene Encoding Two NH 3 -Inducible 
Chloroplastic Isoenzymes" listed 6 research objectives and requested $313,236 for three 
years. The actual award (Agreement No. 89-37262-4843) was $90,000 for two years 
beginning September 1, 1989: Because~the- amount- and- time of the award were 
decreased by approximately 70% and 30%, respectively, approval was given to decrease 
the number of objectives from six to four: 

1. To elucidate the molecular mechanisms regulating the differential accumulation of 
two chloroplast-localized NH 4 + -inducible a- and £-NADP-GDH isoenzymes which 
appear to be encoded by the same nuclear gene (i.e., establish unequivocally the 
number of NADP-GDH genes). 

.2.-„To-determine-h^ : 

3. To measure the kinetics of accumulation/degradation of the NADP-GDH mRNA(s). 

4. To determine if the a- and /J-subunits are formed by differential processing of the - 
same precursor-protein. 

During the first 18 mo. of this 24 mo. grant period, our research progress has been 
excellent in that all or major portions of the first three objectives have been 
accomplished and the fourth should be completed by the end of the grant period 
(8/31/91). The details of our research progress are presented in the two manuscripts 
(submitted in March 1991 to PLANT MOLECULAR BIOLOGY ) which are in the 
Appendix of this proposal. A summary progress report is presented below: 

A cDNA library was prepared from total poly(A) + RNA extracted from C. sorokiniana 
cells which were simultaneously synthesizing the NADP-GDH a- and /?~subunits. 
Seventeen independent NADP-GDH cDNA clones were isolated. A comparison of their 
restriction maps and nucleotide sequences indicated that all of them were derived from 
a single mRNA species. From these clones, a 2,145 bp consensus sequence was derived 
which contains a 1,571 bp open-reading-frame (ORF) which encodes a 57,401 Da protein 
approximately 98% of the size (58,500 Da) of the precursor-protein(s) from which the 
subunits are processed. Although the consensus cDNA did not contain the ATG start 
codon, it encoded part of the chloroplast transit-peptide sequence and sufficient 
sequence for the 55,500 Da a-subunit and 53,000 Da /3-subunit. The deduced amino 
acid sequence of the C sorokiniana NADP-GDH cDNA is 50% and 50.3% identical 
with those of the Escherichia coli (39) and Neurospora crassa (40), respectively, for their 
entire lengths which overlap. However, comparison of the sequences of the highly 
conserved region identified by Mattaj et al . (41) showed much stronger homologies of 
76.6% and 73.4% respectively. 

Analysis of codon usage in the G sorokiniana NADP-GDH encoding ORF revealed 
a strong bias towards the use of codons containing G and C at both the first and third 
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positions. This preference correlated with the high GC content (63%) for C. sorokiniana 
genomic DNA_thatAve_reported-earlier (12). Furthermore, for most amino acids, there 
was an extreme preference for a particular base" at ±e~third~position~of the codon (i.e., — — — — 
G for leucine and valine codons and C for serine, proline, threonine, arginine and 
glycine codons). Expressed ribulose bisphosphate carboxylase/oxygenase small subunit 
genes of Chlamydomonasreinhardtii (42)' exhibit the' same~preference for th e codons 

most frequently used in the Chlorella NADP-GDH gene. - Genes of-monocotyledonous 

plants also show a preference for codons containing G or C as the third degenerate base 
(43,44). Although the codons utilized most frequently in the Chlorella NADP-GDH also 
occur at a higher frequency in genes of higher organisms than in bacteria (45), we fused 
the longest (1.91 bp) G sorokiniana NADP-GDH cDNA in frame with lac z in a 
Bluescript vector and showed it to be expressed under the control of the lac promoter 
as both antigen and activity in E. coli . This apparent flexibiity in codon usage suggests 
that this cDNA may be expressed as active NADP-GDH activity in higher plants. 

During a 240 min induction-period r under conditions in which both- types of subunit s— - -~ 

were synthesized in C. sorokiniana . the kinetics of NADP-GDH mRNA accumulation 
were measured by Northern blot analysis, using cDNA probes corresponding to the 
highly conserved region or the 3'-untralslated region from the consensus cDNA. The 
rationale was that the highly conserved region probe should hybridize to any NADP- 
GDH mRNA which has this conserved region in common whereas the 3 '-untranslated 
region should hybridize only to the unique mRNA from which it was derived. Both 
probes detected only a single-size mRNA (2.2 kb) and yielded the same pattern of 
mRNA accumulation throughout the induction period. The pattern of mRNA 
accumulation indicated that both transcription and degradation regulate the level of this 
mRNA. After a 20 min induction lag, the concentration of NADP-GDH mRNA (per 
ml of culture or as % of total poly(A) + RNA) rapidly increased 16-fold reaching a 
maximum between 60 and 80 min. A net loss in NADP-GDH mRNA (-30%) occurred 
between 80 and 100 min and then its concentration increased again but more slowly 
between 120 and 240 min. The sharp oscillation in NADP-GDH mRNA concentration 
resulted in only small to moderate changes in the rate of accumulation of total NADP- 
GDH catalytic activity. This type of discrepancy between the two patterns suggests that 
some type of mRNA translational control and/or enzyme covalent-modification/turnover 
is preventing expression of the total hybridizable NADP-GDH mRNA as the 
accumulation of a proportional amount of total NADP-GDH activity. 

The aforementioned cDNA isolation/sequencing data along with the results from the 
Northern blots analyses with the two cDNA probes, are consistent with C. sorokiniana 
having only a single mRNA species that is translated into a NADP-GDH precursor- 
protein which is differentially processed to yield a- or 0-subunits (15). 

The highly conserved region probe was used to select eight NADP-GDH genomic 
clones from a G sorokiniana genomic library. Restriction maps of the four longest 
overlapping genomic clones showed them to span a 21.9 kb region of the genome. 
Eleven kilobases of this region were sequenced and shown to contain the complete 2,145 
bp NADP-GDH cDNA consensus sequence distributed among 22 exons. The exons 
ranged in size from 18 bp (the smallest reported for any plant) to 550 bp. The 21 
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introns is unusual in that genes from eukaryotic microorganisms are reported to contain 
on the average only 1 to 3 introns. 

To determine whether the sequence derived from NADP-GDH genomic clones 
corresponds to the only NADP-GDH- gene-in C.-sorokiniana. -Sou±enU)loL.anaLvses- 
were performed on restriction fragments produced by several endonucleases on the 
genomic clones and on the tbt^~ceUular^nra fragments were 

hybridized to probes from the highly conserved region and the 3 ' -untranslational region, 
again the rationale being that the highly conserved region probe should hybridize to any 
NADP-GDH gene in the G sorokiniana genome whereas the other probe to only the 
unique NADP-GDH gene having that specific region. The Southern blot data clearly 
showed that the NADP-GDH gene, which we isolated and sequenced, is the only NADP- 
GDH gene having the highly conserved region. Very convincing evidence came from a 
Sma l digest of the total cellular genomic DNA that produced only a single 6.9 kb 
frapnc^ 

produce a 679lcb restrictiorTfragment (^ntaininglhe regions of hybridization with" both - 
probes) from the NADP-GDH gene which we sequenced. Thus, a single G sorokiniana 
NADP-GDH gene encodes the sequence for the a- and /3-subunits which can be 
assembled into holoenzymes with strikingly different values for ammonium (14). 

We currently have experiments in progress related to the fourth objective which 
should be completed by the end of this grant period (8/31/91). The aforementioned 
molecular biology experiments have shown that it is very likely that a single precursor- 
protein is differentially processed to form the a- and 0-subunits. However, we want to 
demonstrate in vitro that a single precursor-protein, synthesized in vitro from a full- 
length cDNA in an expression vector system, can be differentially processed using 
extracts from Chlorella cells synthesizing only the a- or /3-subunit. Moreover, we are 
currently purifying two preparations of the a- and /3-subunits to determine their N- 
terminal amino acid sequences so that the cleavage sites in the precursor-proteins can 
be positioned. This latter information is required so that the endopeptidase cleavage-site 
which yields the /3-subunit can be modified by in vitro mutagenesis so that only the a- 
subunit cleavage site remains. For many of the plant biotechnology experiments 
described in this new proposal, we will want only the a-subunit with its high affinity for 
NH 4 *, to be expressed from the various cDNA/gene contructs in Arabidopsis . However, 
the unmodified cDNA/gene also will be used in comparative biochemistry/molecular 
biology studies. 

C. Experimental Plan and Methods 

Selection of Arabidopsis mutant(s) having both low GS activity and absence of GOG AT 
activity 

Arabidopsis (22) and barley (23) mutants have been isolated which are deficient in 
GOGAT or chloroplastic GS activities, respectively. These mutants were selected for 
their ability to grow in atmospheres with elevated C0 2 levels (0.8 - 1.0%) but not in 
normal air. The basis of the mutant selection was that C0 2 competitively inhibits the 
oxygenase activity of ribulose bisphosphate carboxylase/oxygenase (Rubisco) which 
catalyzes the formation of phosphoglycollate, the first intermediate on the 
photorespiratory pathway. Because of the importance of both the chloroplastic GS and 
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GOGAT in the reassimilation of NH 4 * produced during photorespiration, a deficiency 
in either of these enzymes leads to accumulation of NH 4 * in the leaves and rapid 
inhibition of photosynthesis after these mutants are transferred to air in the light. Under 
these photorespiratory conditions, the mutants become chlorotic within several days, and 
~can-be-rescued4>y^etu^ 

-plants containing-, mutadons-m genes encoding some oflhe other enzymes^irPfhe 
phc^respiratory^ 

conditions, direct enzyme analysis (22) of leaf extracts is required to identify specific GS 
and GOGAT mutants. 

In leaves of wild-type C3 plants, such as barley and Arabidopsis. the chloroplastic GS 
isoenzyme has been shown (24) to represent a much higher percentage of the total GS 
activity than the cytosolic GS (approx. 85:15, respectively). The higher plant cytosolic 
and chloroplastic GS isoenzymes are encoded by different nuclear genes (25-28). 
Wallsgrove et al (23) isolated a barley mutant deficient in the chloroplastic GS but which 
"still contained'^ild'-t y pe, levelsT(Le. v a p prox. ll%7of totalIG"S'^m^in~leaves)"onhe~ 
cytosolic GS. Under elevated COg levels-in-theiightrthis barley mutant'grew normallyr 
indicating that the remaining wild-type activity of the cytosolic GS was sufficient to meet 
the glutamine requirement of the plant for biosynthesis of purines, pyrimidines, arginine, 
histidine, and tryptophan. However, when the mutant plant was placed under 
photorespiratory conditions, the cytosolic GS by itself was unable to reassimilate the 
large amount of NH 4 + produced during photorespiration. 

Although an Arabidopsis thaliana (Columbia ecotype) GOGAT mutant (GluS) has 
been isolated by Somerville and Ogren (22), neither cytosolic nor chloroplastic GS 
mutants have been isolated yet for this plant. Dr. C. Somerville (Michigan State 
University) has given us seed of his GOGAT mutant (GluS; MSU 254) for use in this 
project. However, we will have to isolate Arabidopsis mutants which contain wild-type 
cytosolic GS activity and are deficient (0-20%) in chloroplastic GS activity. When these 
chloroplastic GS mutants (homozygous) are isolated, they will be crossed with the 
GOGAT mutant. From the resulting progeny, a double-mutant homozygous for both the 
GOGAT and chloroplastic GS mutations will be isolated. This double mutant is 
required for the development of a transgenic plant in which the biosynthesis of glutamate 
in the cbloroplast will occur via the NADP-GDH a-homohexamer (introduced from 
Chlorella ) instead of the GS/GOGAT pathway (Fig. 1C). Somerville and Ogren (22) 
observed that, in the Arabidopsis GOGAT mutant under photorespiratory conditions, 
the chloroplastic GS rapidly converted free glutamate to glutamine, resulting in the 
deprivation of free glutamate for use in biosynthesis of the other amino acids. Thus, 
unless the wild-type level of the chloroplastic GS is low or absent in the transgenic plant, 
the glutamate synthesized by the NADP-GDH may be rapidly converted to glutamine, 
resulting in a shrinkage in the pool of available glutamate normally used in transaminase 
reactions. It should be noted that the primary route for assimilation of inorganic- 
nitrogen into organic nitrogen metabolism is via transamination of the a-amino group 
of glutamate into the carbon skeletons of amino acid precursors. 

We will select Arabidopsis GS mutants by the same procedure described by 
Somerville and Ogren (22) and Estelle and Somerville (29) to isolate their GOGAT 
mutant (GluS, MSU 254). Mutagenesis will be accomplished by soaking seeds in a 0.3% 
solution of ethyl methane sulfonate. This treatment will induce heterozygous mutations 
in some of the cells which will give rise to the reproductive structure of the plant. This 
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Ml generation will be cultured to maturity in normal air under fluorescent lamps, 
allowed to self-fertilize, and the seed will be collected. The seed will be germinated at 
high densities in the light under an atmosphere of 1% C0 2 -air, and these M2 progeny 
will be screened by placing them into normal air for 3-4 days. The plants which show 

chlorosis will he identifie d and returned to the high-CQ 2 environmental growth chamber 

anij~attOw^~to^ and~produce seed~The seed~from each~M2"plant~fhen will" 

- be~genninated~separately~in~the^ 

identify homozygous mutant progeny, and then returned to the high-C0 2 atmosphere for 
recovery and further growth. After a suitable recovery time from chlorosis, extracts will 
be prepared from the leaves of these M3 progeny and will be analyzed for total GS 
activity. When extracts having low total GS activity are identified, these will be further 
analyzed by ion-exchange chromatography in a Pharmacia FPLC (analytical Mono Q 
column, NaCl gradient) to determine the ratio of activities of the cytosolic and 
chloroplastic GS isoenzymes. Those mutants which have a wild-type level of the 

~~ "cytoso^ 

" ~ fertilize andlHeir seed^^becollectedPProgeny from these seed wilFbe used'in crosses- 
with the GOGAT mutant to produce the chloroplastic GS/GOGAT double-mutants as 
discussed above. 

Agrobacterium-mediated transformation of Arabidopsis 

Several types of binary Ti plasmid vectors have been used for the Agrobacterium - 
mediated transformation of the different ecotypes of Arabidopsis (30-34). In addition 
to their ability to replicate in both Agrobacterium and E. coli . these binary vectors 
usually have both left and right border repeats of the T-DNA region, a dominant marker 
gene (e.g., kanamycin or hygromycin B resistance), several unique restriction sites for 
insertion of foreign DNA between the T-DNA borders, and an antibiotic gene for 
maintenance in the resident bacterium (30). For the T-DNA region of the binary vector 
to be transferred into a plant cell, the Agrobacterium strain must also carry a helper Ti 
plasmid which provides the necessary transacting vir functions which are lacking in the 
binary vector. To prevent recombination with binary vectors, helper plasmids have had 
their T-DNA region deleted. 

Binary-vectors carrying the genes for kanamycin or hygromycin B resistance appear 
to vary in their effectiveness as selectable markers for use in isolation of transformed 
cells from the various Arabidopsis ecotypes. For example, the Columbia ecotype is 
reported (31) to have some natural resistance to kanamycin whereas Wassilskija and 
Landsberg erecta are very sensitive to this antibiotic. For those ecotypes with some 
resistance to kanamycin, hygromycin B has proven to be an effective selectable marker. 
Feldmann and Marks (32) and Feldmann et al. (33) have successfully transformed 
Arabidopsis (ecotype Wassilskija) by germinating seeds in the presence of Agrobacterium 
carrying a kanamycin resistant binary vector. Although this transformation method 
appears to be very simple and convenient, there are reports (personal communication 
with various scientists) that transformation frequencies are often low and vary among 
different seed lots. Lloyd et al. (31) have transformed Arabidopsis (Columbia ecotype) 
by a modified leaf-disk transformation/regeneration method using a binary vector 
encoding hygromycin B rather than kanamycin. Because uninfected control leaf-tissue 
of the Columbia ecotype also developed callus in the presence of kanamycin, this 
antibiotic was ineffective as a selecting agent with this ecotype in the leaf-disk method. 
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However, with the hygromycin-resistant vector, approximately one-third of the original 
transformed leaf pieces survived the hygromycin selection-step and more than 50% of 
these generated shoots. Four months were required from the time of infection of leaf- 
tissue pieces with Agrobacterium until the collection of seed from the transformed 
-plan ts.— Valve ke ns et al , (34) h a v e d e v e lop e d cultur a l c onditions for inducing root- 
"eyplants, of ^ftvPTa1~Ar5H??^ i ^ ecntypes T to- generate shoots- rapKHy~anci~ at T0fl%~ 
efficiency. By use of this root-explant regeneration procedure, along with a Ti plasmid 
vector encoding kanamycin resistance, transformed seed-producing plants were obtained 
with an efficiency of 20-80% within 3-months after gene transfer. In addition to a 
shorter time to obtain seed from transformed tissue, this root explant 
transformation/regeneration method which employed kanamycin was successful with 
three different ecotypes (i.e., Columbia, Landberg erecta, and C24). This finding 
contrasts with the reported difficulties of the Columbia ecotype by the leaf-disk method 
discussed above (31). 

Because th^Coliuhbia"ecot/pe was~usedTo"serect" th^c hloroplasfic GOGAT mutant~ 
"which -was- obtained~from --Dr.— Somerviller^e-inffial^ 

transformation/regeneration method of Valvekens et al. (34) and a Ti plasmid binary 
vector carrying the kanamycin resistance gene. The binary vector system (GUS Gene 
Fusion Kit) will be purchased from Clontech Laboratories. This system utilizes A, 
tumefaciens strain LBA4404 with its Helper plasmid based on an octopine Ti plasmid, 
and several modified binary vectors: plasmid pBHOl (GUS cassette, no promoter), 
plasmid pBI121 (pBHOl with CaMV 35S promoter, and plasmid BI221 (pBI121 GUS 
cassette in pUC19). The kit also contains the conjugative plasmid RK2013 in HB101. 
The aforementioned binary vectors contain, between the right and left borders, the 
kanamycin resistance gene (npt II) which is driven and terminated by the nopaline 
synthase (NOS) promoter (NOS-pro) and terminator (NOS-ter), respectively. The /?- 
glucuronidase (GUS) gene in pBI121 is driven and terminated by the CaMV 35S 
promoter and the NOS-ter, respectively. The 3 ' and 5 ' termini of the CaMV 35S 
promoter and NOS-ter termini, respectively, have unique restriction sites which will 
permit excision of the GUS gene and its replacement with the Chlorella NADP-GDH 
cDNA or genomic DNA To determine if the natural promoter of the Chlorella NADP- 
GDH gene can be expressed (without or with in vitro mutagenesis) in Arabidopsis . the 
"promoter-less" GUS cassette in pBHOl will be used. In this binary plasmid, the CaMV 
35S promoter has been deleted and a multicloning site has been inserted in its place 5' 
to the GUS gene. Thus, various promoters (e.g., NADP-GDH promoter region) can be 
cloned upstream of GUS which can be used as a reporter gene. 

Analysis of expression of Chlorella NADP-GDH cDNA/genomic DNA in transgenic 
Arabidopsis plants 

The Arabidopsis GS/GOGAT mutant will be transformed with the aforementioned 
binary vector(s) carrying a number of different Chlorella NADP-GDH cDNA/genomic 
DNA constructs: 

a. Full-length NADP-GDH cDNA carrying its own ATG start-codon, chloroplast 
transit-peptide sequence, and its 3 ' -terminus devoid of its poly( A)tail (i.e., the Nos- 
ter will provide the terminator/polyadenylation signal). 

b. The same cDNA (as a.) modified by replacement of the Chlorella chloroplast transit- 
peptide sequence with the equivalent higher plant sequence reported (38) for one of 
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the four Arabidopsis Rubisco small subunit precursor-proteins (e.g., standard single- 
letter code for amino acids for transit-peptide AtB is 
MASSML^SAAVVTSPAQATMVACT^ 

SC). Alternatively, we will be screening an Arabidopsis cDNA library with a 
heterologous GS cDNA probe ( Phaseolus vulgaris ^ to isolate the chloroplastic GS 

cDNA— In-the-event-that-th^ 

s trom al enz ymes , involve d in ditt erent a sp ect s of chlor o p l a s t m eta bo lis m (e. g ., c a rbon 
vs. nitrogen) is/are regulated in part by transit-peptides with sequences differences, 
it might be advantageous to use the transit-peptide sequence for the Arabidopsis 
chloroplastic GS instead of the one for the Rubisco small subunit. 

c. The same cDNA (as a.) without any chloroplast transit peptide sequence (i.e., the 
NADP-GDH will be targeted for the cytosol instead of the chloroplast). 

d. The entire NADP-GDH genomic DNA clone (gene) containing its natural promoter 
region, start codon, exons, introns, and termination/polyadenylation signal(s). 

-e.— Another- related-construct-will-be -the-NADP-GDH promoter region by itself, 
^.—^e-same-^ 
region. 

The a., b., c, and f. constructs will be inserted into vector pBI121 between CaMV 
35S promoter and Nos-ter to replace the deleted GUS gene. The d. construct will be 
inserted into the "promoter-less" vector pBHOl to replace its GUS gene. The e. 
construct will be inserted into the "promoter-less" vector pBHOl in front of the GUS 
gene to determine whether the Chlorella promoter will be able to drive the GUS gene. 
There are undoubtedly other constructs that will be required; however, the 
aforementioned should serve as examples of some of the more important constructs. 

Transformants from the root-explants initially will be identified by their kanamycin 
resistance, and regenerant plants will be allowed to self-fertilize and produce seed in a 
high-C0 2 lighted, environmental chamber. These seed will be germinated in the 
presence of kanamycin in a high C0 2 atmosphere and the antibiotic resistant progeny 
will be identified. These will be placed under photorespiratory conditions (light, normal 
air) to identify which plants remain green (if any) and those which become chlorotic. 
The plants which remain green will be allowed to self-fertilize and produce seed under 
photorespiratory conditions whereas the chlorotic plants will be returned to the high CO z 
atmosphere for seed production. The seed from these plants will be germinated in the 
low or high C0 2 atmospheres and extracts of their leaves will be analyzed for NADP- 
GDH activity (spectrophotometrically), NADP-GDH anti-gen (Western blotting), NADP- 
GDH mRNA (Northern blotting) and NADP-GDH DNA (Southern blotting). Assays 
will also be performed for total GS activity to verify that transformation did not alter the 
wild-type level of the cytosolic GS in the transgenic plant. To confirm that kanamycin 
resistance is conferred by neomycin phosphotransferase and not by some other 
mechanism in the transformants, assays for this activity will also be performed. The 
aforementioned assays for NADP-GDH-antigen, -mRNA, and -DNA will be particularly 
important for transgenic plants which become chlorotic under photorespiratory 
conditions. For example, if the Arabidopsis genome contains the intact NADP-GDH 
cDNA/gene and the plant does not accumulate active enzyme, it might be possible to 
identify the biochemical step (i.e., transcription, translation, post-translation) that is 
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limiting the accumulation of active NADP-GDH. If the transgenic plants (green or 
chlorotic) contain NADP-GDH antigen or activity, their chloroplasts will be isolated and 
analyzed to ascertain whether the antigen/activity is chloroplast localized. For the plants 
transformed with NADP-GDH cDNA without a chloroplast transit-peptide sequence, 
assays will be performed to show whether or not the NADP-GDH is accumulating in the 

-cytosol— From-a-comparative-b^ 
th e afore mentioned assays on the transgenic plants, carrying the different cDNA/gene 
constructs, are important for identifying possible differences in gene-enzyme regulation 
(or processing) in higher and lower plants. For example, from the cDNA constructs 
having the Chlorella or higher-plant chloroplast transit-peptide sequence, it should be 
possible to show whether the lower plant transit-peptide sequence will direct the NADP- 
GDH precursor-protein into the Arabidopsis chloroplast and will be recognized and 
processed by the endopeptidase(s) of this higher plant. Also, another question of 
comparative biochemistry importance is whether the natural promoter(s) of the Chlorella 
NADP-GDH gene will be recognized by the regulatory proteins/RNA polymerase of 

-Arabidopsis — Moreovernf~the-NADP=GDH-ge 

mRNA (pre-mRNA) in this higher plant, will the many exons (including one only 18 bp) 
be spliced together correctly? 

Efficiency of inorganic nitrogen assimilation, carbon dioxide fixation, and biomass yield 
in transgenic Arabidopsis plants expressing chloroplastic NADP-GDH 

For every NH 4 * assimilated into glutamate by the chloroplastic NADP-GDH rather 
than by the GS/ GOG AT pathway, one ATP should be saved. A question of importance 
from an agricultural biotechnology standpoint is whether this savings in ATP can be 
translated into a net gain in energy that can be used for anabolic processes by the plant. 

Before plant productivity studies are considered, several basic measurements need 
to be performed on the different (isolates) Arabidopsis transgenic plants having 
chloroplastic NADP-GDH activity. Due to variations in the number of copies (gene 
dosage) of the NADP-GDH cDNA/gene that can be inserted into the Arabidopsis 
genome and in their position(s) in the genome (i.e., adjacent genes/promoters can 
influence expression of inserted gene), different amounts of NADP-GDH activity may 
accumulate in the leaves. Firstly, it will be important to rank the transformants on the 
basis of their amount of leaf NADP-GDH activity. Their degree of resistance to 
chlorosis under photorespiratory conditions may prove to be correlated to the amount 
of NADP-GDH activity in their leaves. Secondly, the NH 4 * concentration in the leaves 
will be measured before transfer to photorespiratory conditions and during a time-course 
thereafter. Thirdly, the photosynthetic rate will be measured (22) as a function of time 
after transfer to photorespiratory conditions. As controls, the same measurements will 
be performed on the wild-type and GS/GOGAT mutant (not transformed) Arabidopsis 
plants. 

Because of the possible variation in gene dosage, there could be a wide range of 
NADP-GDH activities in the transformants. From a plant energy-economy standpoint, 
the ideal transgenic plants, selected for biomass production measurements, will be those 
with the lowest levels of NADP-GDH activity which can maintain wild-type levels (or 
lower) of NH 4 + in the leaves under photorespiratory conditions. Because the NADP- 
GDH cDNA/gene insertions into the Arabidopsis genome might lower the activity of 
some essential plant enzyme unrelated to nitrogen metabolism, a number of NADP- 
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GDH transformants will be evaluated in the biomass productivity studies. The following 
comparisons will be made between wild-type Arabidopsis and the aforementioned final- 
selection of transformants during growth (in a random-block design) under 
photorespiratory conditions: 

a. Generation time from seed germination until seed set. 

b. Total protein, total RNA. total DNA. lipid , starch, and chluruphyll content uf leaves 

(per fresh "and' dry' weight)' arpcriodic intervals during growth/maturation 'cycle: z zzz 

c. Total weight of seed produced. 

d. Rates of uptake of N0 3 " and NH 4 * in separate nutrition experiments vs. 
developmental stage. 

e. Rate of 14 C0 2 incorporation by the intact plant. 

f. Leaf ADP/ATP ratio. 

D. Figure Legend and Figure 

Fig. 1 A,B,C Pathways of inorganic nitrogen assimilation/reassimilation in A. thaliana 
leaves. X. sorokiniana -cells T and_transgenic/mutant_ A. thaliana leaves. 
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FACILITIES AND EQUIPMENT 

Dr. Schmidt has a laboratory of 1,600 sq. ft. which has essentially all of the 
equipment required for modern research in plant and microbial biochemistry and 
molecular biology. Typical equipment items include: two large nucleotide sequencing 
^pparatus,-U^hannada-East-E^ diff e rent types of anal ytica l— 
columns, multiple units for analytical and preparative sSb-geraectrophoresis, ZZ 
transiUuminator with Polaroid camera, fraction collectors and monitors, density-gradient 
former and fractionators, 1 - ultracentrifuge, several refrigerated centrifuges, -70 °C 
freezer, Gilford recording spectrophotometer, a laboratory personal computer connected 
to university VAX, etc. In addition, the department has scintillation counters, an 
oligonucleotide synthesizer, electron microscopes, etc. The university Interdisciplinary 
Center for Biotechnology Research (ICBR) has the protein sequencer, amino acid 
analyzers, LKB laser densitometer, DNA sequencer, DNA synthesizer, etc. The ICBR 
also has a core facility for isolation and production of monoclonal antibodies and also 
polyclonal antibodies. . — 

Essential for this project is a large constant-temperature, fluorescent-lighted, sealed 
environmental chamber for culturing GS and GOGAT Arabidopsis mutant plants in a 
controlled atmosphere of \% C0 2 -air. We have successfully cultured Arabidopsis plants 
to maturity from seed in 4 to 6 weeks in this chamber. In addition, we have constructed 
10 fluorescent-light shelves (3' x 5') for culturing wild-type or transgenic Arabidopsis 
plants in a constant temperature (22 °C) culture room in normal air. All culturing of 
transgenic plants will be in the environmental chamber or culture room. No transgenic 
plants will be cultured outside of Dr. Schmidt's laboratory. 

The culture room also has facilities for growing plant tissue cultures and also mass 
cultures of algae and bacteria, and it houses a Sharpies continuous-flow centrifuge for 
harvesting large culture volumes. In addition, his laboratory has its own walk-in 
coldroom laboratory (104 sq. ft.), and a darkroom (55 sq. ft.) for development of 
autoradiograms and for viewing nucleic acids in gels with a transiUuminator. 

To facilitate the direction/advisement of his graduate students, Dr. Schmidt's office 
opens directly into his main laboratory where students have their laboratory benches and 
desks. 
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laboratory technician, and a Visiting Full Professor on a 12 month sabbatical leave. 
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BUDGET JUSTIFICATION 

Personnel: 

1. Principal Investigator: 

Dr. Schmidt will spend 25% of his time on this project. No salary funds are 
requeste d. 



2. Three Graduate Research Assistants: 

Mr. Richard Hutson received a B.S. degree in Microbiology from the Virginia 
Polytechnic Institute and State University, and will receive the M.S. degree_in. 
molecular biology under my direction in He will pursue his Ph.D. in my 

laboratory. 

Mr. Philip Miller received a M.S. degree in Genetics from Appalachian State 
University and joined my laboratory Spring Semester 1990 and is pursuing his Ph.D. 
in molecular biology under my direction. 

Ms. Brenda Russell received a M.S. degree in Microbiology from the Virginia 
Polytechnic Institute & State University and joined my laboratory Summer Semester 
1990 and is pursuing her Ph.D. in molecular biology under my direction. 

Each of these graduate students is currently working on aspects of the molecular 
biology of the Chlorella and Arabidopsis project. Their continued work in this area 
requires an extramural grant. 

3. Laboratory Aids: 

Part-time undergraduate-student employees are required to wash and/or sterilize 
the large volume of dirty laboratory glassware and culture tubes, etc. generated by an 
active research group. These part-time laboratory aids also are involved in the 
general laboratory maintenance required in a biochemistry/molecular biology 
laboratory. 

4. Laboratory Technician Rotate funded): 

Ms. Waltraud Dunn, a senior level state-funded laboratory technician will devote 
approximately 25% of her time to this project with no funds requested for her salary 
from the NSF. 

The salaries of the graduate students will be increased by 5% each year. There is a 
Graduate Student Union at the University of Florida that negotiates raises each year 
which range between 4% and 6%. 

Travel: 

Funds are requested to give talks/posters at the national meetings of the American 
Society of Biological Chemists, American Society of Plant Physiologists, and the 
American Society of Microbiology. The principal investigator, and graduate students will 
be attendees provided talks/posters are presented. 
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Materials and Supplies (per year): 

1. Radioactive compounds, enzyme substrates, protein standards, restriction enzymes 
and other recombinant DNA reagents and linkers, translation assay components, 
Protein A, and other biochemical reagents, etc. $11,000 

2. Chromatography; ^^^^^^^^^^^^^^^^^ columns, "gel s , packing s , affinity 
resins, cellulose nitrate paper and ottier-denvatized papers , - poiyputtersretc , : B T uuu 

3. Glassware, plasticware, scintillation vials, Eppendorf pipettes tips, distilled H 2 0 
dionizer cartridges, culture tubes, microcentrifuge tubes, liquid nitrogen, carbon 
dioxide, argon, X-ray film, etc. $3,000 

4. Small equipment items costing less than $500 will be required for this project, e.g., 
automatic pipettes, special electrophoresis chambers, dialysis chambers, pumps, 
thermoregulators, magnetic stirrers, heaters, etc. $3,000 

Because of the rapid increase in costs of biochemical and molecular biology reagents, 
a 5% increase per year is budgeted. 

Publication Costs/Page Charges: 

The funds are requested for page costs and also for making photographs of gels, 
autoradiograms, etc. and for preparation of figures for publication. With research 
progressing so rapidly, it is anticipated that equal funding will be required each year for 
publication related costs. 

Other Direct Costs: 

The costs for repairs of power supplies, centrifuges, low temperature freezers, Coulter 
cell counter, spectrophotometer, freezer drier, fraction collectors, etc. routinely costs a 
minimum of $2,500 per year. 
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APPENDIX 

Two manuscripts submitted March 1991 : 

1. Cock, J.M., Kim, KJD., Miller, P.W., and Schmidt, R.R. (1991) Sequence and 
ammonium induction pattern of a mRNA encoding chloroplastic NADP-specific 

glutamatc-dchydrogcna3c(s)~in^ 

2. Cock, J.M., Kim, KJD., Miller, P.W., Hutson, R.G., and Schmidt, R.R. (1991) = 
Sequence of a nuclear gene with many introns encoding chloroplastic NADP-specific 
glutamate dehydrogenases in Chlorella sorokiniana . Plant Molec. Biol., submitted. 



27 



Best Available Copy 



Sequence and Ammonium Induction Pattern of a mRNA Encoding Ghloroplastic NADP- 
Specific Glutamate Dehydrogenase^) in Chlorella sorokiniana 

J. Mark Cock, 1 Kyu Don Kim, Philip W. Miller, and Robert R. Schmidt* 

Department of Microbiology and Cell Science, University of Florida, Gainesville, Florida 
32611? Present address: Laboratoire de Biologie Moleculaire des Relations Plantes - Micro- 
organismes, INRA-CNRS, 31326 Castanet-Tolosan Cedex, France ('author for 
correspondence) 
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Accession number: 

Key words: ammonium inducible, cDNA library/sequences, Chlorella sorokiniana, gene 
expre ssio n , glut a mate d ehydr o g ena se , mRNA .synthes i s/ d egr ada tion 



Abstract : 

A cDNA library was prepared from total poly(A)*RNA extracted from Chlorella 
sorokiniana cells which were simultaneously synthesizing two ammonium-inducible 
chloroplastic NADP-specific glutamate dehydrogenase (NADP-GDH) isoenzymes. These 
isoenzymes have strikingly different affinities for ammonium and are composed of a- and 
/3-subunits of different sizes but with very similar peptide maps. Seventeen independent 
NADP-GDH cDNA clones were isolated. Comparison of their restriction maps and 
nucleotide sequences suggests that all of them were derived from a single mRNA 
species. Each cDNA contained a highly conserved region, with a deduced amino acid 
sequence, having 77% and 73% identity with the corresponding regions in the NADP- 
GDH genes of Escherichia coli and Neurospora crassa. The longest cDNA was fused in 
frame with lac z in a Bluescript vector, and was expressed as NADP-GDH antigen in E. 
coli. From the 17 cDNAs, a 2,145 bp consensus sequence was derived which encodes a 
57,401 Da protein of nearly the same size (58,500 Da) as the precursor-protein(s) from 
which the subunits are processed. During a 240 min induction period, under conditions 
in which both types of subunits were synthesized, only a single-size (2.2 kb) NADP-GDH 
mRNA was detected using cDNA probes corresponding to the highly conserved region or 
3' -untranslated region of the consensus cDNA. These results are consistent with a 
single mRNA encoding a precursor-protein which is differentially processed to yield a- 
and /3-subunits. 
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Introduction 

In this laboratory, Chlorella sorokiniana cells have been shown [3,26] to synthesize three 
ditterenr gin fa ma Ee "rifthyrtf ngftnase (f 3 ? H) t^^^p^T^SBHSIIS^m fochond na 1 1 ~ _ 



le ti ainei ic Q ubuin i 



ammonium-inducible, chloroplastic, hexameric NADP-specific (NADP-GDH) a- and p- 
isoenzymes (subunits M r = 55,500 and 53,000, respectively). Only the a-homohexamer 
accumulates in the chloroplast of cells cultured in medium containing 1-2 mM 
ammonium [3]. The addition of higher ammonium concentrations (3.4 - 29 mM) to 
uninduced cells results in accumulation of both types of subunits (a and (3) in NADP- 
GDH holoenzymes for the first 120 min. Thereafter, only the /3-homohexamer 
accumulates [2,3,32]. When the a- and 0-subunits are concomitantly synthesized early in 
the induction period in 29 mM ammonium medium, Prunkard et al [32] detected seven 
different electrophoretic-forms of the NADP-GDH holoenzymes during native-PAGE. 
These forms were shown to have different molecular weights, presumably resulting from 
the formation of homo- and heterohexamers due to random-mixing of a- and j3-subunits 
(i.e., 6a, 5a: 1/3, 4a:20, 3a:3/3, 2a:4/9, la:5/J, 6/3). 

Tlie purified a- and /3-homohexamers have strikingly different ammomum 1^ values [3]. 
However, the values for their other substrates are very similar. The a-homohexamer 
is an allosteric enzyme in that its ammonium 1^ ranges from 0.02 to 3.5 mM, depending 
upon the NADPH concentration. In contrast, the £-homohexamer is non-allosteric and 
has an ammonium of approximately 75 mM. None of the heterohexamers have been 
purified from each other to determine how their ammonium values differ from those 
of the two homohexamers. When homo- and heterohexamers of NADP-GDH were 
accumulating during early induction in 29 mM ammonium, Bascomb et al. [2] performed 
pulse-chase experiments and determined that the a-subunit antigen was degraded with a 
half-life of 50 min whereas the /?-subunit antigen was degraded more slowly with a half- 
life of 150 min. After the removal of ammomum from these induced cells, enhanced 
rates of degradation were observed for the a- and /9-subunit antigens, i.e., half-lifes of 5 
min and 13.5 min, respectively. 

Although the a- and /3-homohexamers have different affinities for ammonium and their 
rates of in vivo turnover are very different, they were shown [3,33] to have very similar 
peptide maps and to be derived from precursor proteins of identical size (M r = 58,500). 
Moreover, antibodies prepared against one of the homohexamers will immunoprecipitate 
both isoenzymes [3,45]. These latter biochemical and immunochemical properties 
indicate that the a- and /3-subunits have a considerable amount of sequence homology. 
We were therefore prompted to consider whether these two subunits might arise from (i) 
the differential processing of a precursor-protein encoded by a single mRNA and gene, 
(ii) the specific processing of two very similar precursor-proteins encoded by two mRNAs 
formed by alternative splicing [30,42] of a precursor mRNA transcribed from a single 
gene, or (iii) the specific processing of two precursor-proteins encoded by two mRNAs 
transcribed from two closely related genes. The purpose of the research described in 
this paper was to determine how many mRNAs encode the a- and /3-subunits. Our 
experimental findings are consistent with but do not prove that a single NADP-GDH 
mRNA encodes a precursor-protein which is processed to give either a- or /?-subunits. 
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In the following paper [7], the sequence of the nuclear gene encoding this NADP-GDH 
mRNA is presented. 
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Materials and methods 

Preparation and screening of a C. sorokiniana cDNA library 



Uninduc e d C sorofdniana cells were synchronized by in t e r mittent illumination ( 9 h — 

IigSf:7h~HarK)~in 29~mM~nitTatc medium [32] as previo^ljOTeMril^^ 

EDTA concentration in the medium was increased from 0.072 mM to 031 mM to 

prevent precipitation of salts during autoclaving. The light intensity was adjusted to 

support a growth rate at which each cell would divide into four progeny at the end of 

each cell cycle, 

Uninduced synchronized daughter cells were washed in nitrogen-free culture medium, 
and then transferred into medium containing 29 mM ammonium, and the culture was 
immediately placed into the light in a 3 L Plexiglas chamber to induce the accumulation 
of the NADP-GDH a- and ^-isoenzymes. Samples were taken every 20 min to monitor 
induction of NADP-GDH activity [40], culture pH, and culture turbidity (A^). The 
culture was harvested after 80 min of induction. At this induction time, the cells were 
still accumulating both NADP-GDH isoenzymes, and the a- and /3-subunits each 
constituted about 50% of the total NADP-GDH antigen [2,32]. 

The cells were frozen (-70 °C) as a suspension of 1 g fresh weight cf cells per 5 ml in 
0.1 M Tris-HCl pH 8.2. Two grams of cells were washed once in 0.1 M Tris-HCl (pH 
8.5), and resuspended in 50% (w/v) guanidine thiocyanate, 0.5% (w/v) sodium lauryl 
sarcosine, 25 mM EDTA, 0.5% (w/v) antifoam A. The cells were broken by two 
passages through a 5 ml French pressure cell at 20,000 p.s.i. (i.e., 138 MPa). Total 
cellular RNA was purified by centrifugation to a pellet through a cushion of 5.7 M CsCl 
overlayed with 2.4 M CsCl, and by extraction with phenol as described by Maniatis et al. 
[22]. Total poly(A)*RNA was isolated by oligo(dT) chromatography as described by 
Turner et al. [39]. As a test of mRNA integrity, samples of this poly(A)*RNA 
preparation were shown to support a high level of protein synthesis in a njRNA- 
dependent rabbit reticulocyte lysate in vitro translation system [31,39]. 

The purified poly(A)*RNA was sent to Stratagene Cloning Systems (Palo Alto, CA) 
where a cDNA library was constructed by the addition of EcoRl linkers to double- 
stranded cDNA followed by ligation into XgtlO [17]. The primary library contained 5 x 
10 6 clones, and these primary clones were amplified to 2 x 10 10 pfu per ml in E. coli 
strain C600 HfT. In the initial screening of the amplified library, the DNA in 1 x 10 6 
phage plaques was adsorbed to nylon membrane filters (Hybond N, Amersham). A 
radioactive (2.75 x 10 9 cpm/1.5 ptg) heterologous NADP-GDH DNA probe was 
synthesized [12,13] from random hexamer primers (Pharmacia) annealed to 1.5 /xg of the 
1.2 kb HindlU/EcoRl fragment of pJB103 [27], and this probe was used for the three 
rounds of screening. The clone pJB103 was kindly provided as a gift by Drs. J.E. 
Brenchley and E.S. Miller (Perm State University and North Carolina State University, 
respectively). 

Lambda phage containing hybridizing. cDNA inserts were isolated using an 
immunoadsorption procedure (LambdaSorb; Promega). DNA was extracted from these 
phage and the cDNA insets were released by EcoRl digestion, subcloned into pUC18 
[44], and transformed into E. coli DH5a [16]. Putative NADP-GDH cDNA clones in 
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pUC18 were designated as the pGDc series. The cDNA inserts were analyzed by 
restriction mapping and nucleotide sequencing. 

After mapping and sequencing the first set of NADP-GDH cDNAs, the amplified 
-library wasscrccned once again but with -a- homologous- 1 15 bp p r obe- derived from n ear^ 



sequence. The putative NADP-GDH cDNAs, isolated in this second screening, were 
also mapped and partially sequenced. 



Sequencing of NADP-GDH cDNA clones 

cDNA clone pGDc23 was completely sequenced in both directions and the other NADP- 
GDH cDNAs were partially sequenced from both ends. This procedure involved 
subcloning EcoRI, PstI, and EcoRl/Bglll restriction fragments (from the cDNA inserts in 
pUC18) into M13 mp 18/19 [44] and also generation of a set of nested deletions from 
each end of the insert by digestion with exonuclease Bo/31 [22] also followed by 
subcloning into M13 mp 19. Fragments cloned into M13 were sequenced by the dideoxy 
method of Sanger et al. [35] using a modified bacteriophage T7 polymerase [38] 
(Sequenase, United Statei Biochemical Corp.). The DNA sequence data were analyzed 
by use of Pustell sequence analysis programs (International Biotechnologies, Inc.) - 



Expression of pGDc23 cDNA in E. coli 



E. coli strain JM109 [44] was transformed with pBluescript SK" (Stratagene Cloning 
Systems, Inc.) carrying pGDc23 fused in frame to a portion of the lac z gene and under 
control of the lac promoter. This construct was designated pBS-GDc23. The bacterial 
cells were cultured at 37 °C in 2 x TY medium to a culture turbidity (A 600 ) of 0.70, IPTG 
was added to 5 mM, and the cells were induced for 3 h. For preparation of a crude cell 
extract, the cells (4.8 A 600 units/ml) were pelleted at 1,500 xg for 10 min, resuspended in 
0.35 ml of 55 mM Tris-HCl pH 6.8, 2.8 M 0-mercaptoethanol, 0.0025% bromophenol 
blue, 4% SDS, 7.7% glycerol, boiled for 5 min, and centrifuged for 5 min at 15,000 x g in 
an Eppendorf microfuge. One tenth of this extract was subjected to SDS denaturing 
electrophoresis in a 10% polyacrylamide gel (16 h at 50 v). The proteins were 
electrophoretically transferred from the gel to a nitrocellulose membrane and the 
NADP-GDH antigen was detected by an immunochemical procedure [32] using 125 I- 
labelled Protein A and anti-NADP-GDH IgG [45]. The dried membrane was exposed to 
Kodak X-Omat AR film for 36 h at -70 °C. 

Kinetics of ammonium induction of NADP-GDH mRNA and catalytic activity 

Synchronized C. sorofdniana cells were induced in 29 mM ammonium medium as 
described above. After addition of ammonium to the cells, samples of 500 ml of cell 
suspension (approximately 140 x 10 6 cells/ml) were harvested at zero time and at 20 min 
intervals for the first 140 min and a final sample was harvested at 240 min. The cells 
were then harvested by centrifugation at 10,000 xg for 5 min at 4°C, and fresh weight of 
the cells was measured. The cells were resuspended in 4 ml of 0.1 M Tris-HCl pH 8.5 
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per g of cells aiid frozen at -80 °C. Total cellular RNA was extracted from 2 g pellets of 
cells as previously described [3,33]. Poly(A)*RNA was isolated on an oligo(dT) column 
as described by Turner et al. [39]. The quantitation of poly(A)*RNA in the various RNA 

preparati ons wa* based nn thft jnirnatinn nf nhnniirlfta^e- fcsistant h ybrids with 5 H- 



Asc r ibed ~^li^[5;T0]li^ niF^A^BeD^d^R^^ 
as a standard. The yield of poly(A)*RNA was between 37 and 90 /xg per g of cells 
harvested during the induction periods. The NADP-GDH induction experiment was 
repeated to verify the mRNA induction pattern* 

NADP-GDH catalytic activity was measured in the deaminating direction by the 
spectrophotometry procedure described by Turner et al. [40], One unit of activity was 
defined as the amount of enzyme required to reduce 1 /xmol of coen2yme/min at 38.5 °C. 

Northern blot analysis 

RNA was electrophoresed in 2% agarose gels in the presence of 6% formaldehyde and 
blotted onto nylon membranes (Hybond N, Amersham) [9,22]. The RNA was 
crosslinked to the membrane by illumination with UV light for 5 min. The, 4.5 h 
prehybridization and 16 h hybridization were described previously [9]. The radioactive 
probes were synthesized by use of random hexamer primers as described above. After 
hybridization, the membranes were washed three-times for 5 min with 2 x SSC, 0.1% 
SDS at room temperature (22 °C) and then with 0.3 x SSC, 0.1% SDS for 5 min at room 
temperature. Autoradiography was performed as described above. The intensities of the 
NADP-GDH mRNA bands on the autoradiogram were quantified by a SCR ID/2D soft 
laser scanning densitometer (Biomed Instruments, Inc.). 
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Results and discussion 



Isolation, restriction mapping, and sequencing of C sorokiniana NADP-GDH cDNAs 




subunits rapidly accumulate as NADP-GDH holoenzymes between 40 and 120 mm alter 
addition of 29 mM ammonium to previously uninduced C sorokiniana cells. Free 
NADP-GDH subunits could not be detected in cell extracts. By pulse-chase studies, they 
determined that the a-subunit was synthesized five-times faster than the /3-subunit and 
that both subunits underwent rapid turnover (i.e., degradation) during the , 
aforementioned induction time-period. These findings led us to consider that, if the a- 
and /?-subunits are encoded by different mRNAs, both mRNAs should be present 
between 40 and 120 min to sustain the linear accumulations of these subunits in view of 
their rapid and continuous turnover. However, based upon the faster rate of synthesis of 
the a-subunit, its mRNA would be predicted to be more abundant than the 0-subunIt 
mRNA. To determine how many mRNAs encode the a- and 0-subunits, our 
experimental strategy was to prepare a cDN A library (from total poly(A)*RNA extracted 
from cells induced in 29 mM ammonium for 80 min), isolate and sequence 15-20 NADP- 
GDH cDNAs from this library, and search for sequence differences among these cDNA 
clones. 

The bacterial genes encoding NADP-GDH have been designed gdhA [25,27,28,41]. 
These genes have been shown to have a high degree of sequence homology with the am 
gene which encodes the NADP-GDH in the eukaryotic microorganism, Neurospora crassa 
[21]. The highest sequence homology is seen in a 354 bp region [24] near the 5 'termini 
of these genes, corresponding to a region near the amino-terminus of the NADP-GDHs. 
Because of this sequence homology between the conserved regions of the bacterial and 
eukaryotic NADP-GDHs, we decided to use this region from the cloned 5. typhimurium 
gdhA gene [27] as an initial hybridization probe to screen the amplified Chlorella cDNA 
library in AgtlO. The probe was a 1.2 kb EcoRl/HindUl restriction fragment from this 
gene which contained the highly conserved region near the 5 ' end of the coding 
sequence. 

Approximately 2 x 10 6 phage plaques were screened with the heterologous probe at low 
stringency and six putative NADP-GDH cDNAs were isolated. These cDNAs ranged in 
size from 0.6 to 1.91 kb, and their restriction maps/nucleotide sequences were found to 
be identical for their regions which overlapped (Fig. IB). They appeared to be truncated 
forms of the longest cDNA which was designated pGDc23. In an attempt to select 
additional NADP-GDH cDNAs with longer 5 '-termini than pGDc23, the cDNA library 
was rescreened at low stringency with a 115 bp Pstl restriction fragment (Fig. 1C) excised 
from near the 5 '-terminus of pGDc23. This 115 bp homologous proximal-probe was 
chosen because approximately one-half of its sequence contains the 5 ' -terminus of the 
354 bp conserved region (Fig. 1A) which would be predicted to be present in other types 
of NADP-GDH cDNAs if they exist. By use of this homologous probe, 11 additional 
NADP-GDH cDNAs were isolated, restriction mapped, and their 3' - and 5 9 -termini 
sequenced (Fig. 1C). These additional cDNAs also had identical restriction 
maps/sequences for the regions that overlapped. Although three of these cDNAs (i.e., 
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pGDc31, 38, and 42) were longer than pGDc23 at their 5 ' -termini, none of them were 
full length. 

Even though the cDNA library was prepared using an oligo(dT)primer, 10 of the 17 
NADP-GDH cDNAs lacked a poly(A) tail and additional 3 '-terminal sequences (Fig. 

'^^^^a^^^^^^^^TTm^^^^^^T^^^^^^S^ ^^-E^^^ 

which fornic^andJnterfered^ = 

strand synthesis by reverse transcriptase. Moreover, because of premature termination of 
the reverse transcriptase during first-strand synthesis, none of the 17 cDNAs were full 
length at their 5 ' -termini. From the combined sequences of the 17 cDNAs, a 2,145 bp 
consensus NADP-GDH cDNA restriction map was constructed (Fig. 1A). Because 
Bascomb et al. [4] showed earlier that a 2.2-23 cDNA could be synthesized from highly 
purified C. soro/dniana NADP-GDH mRNA, isolated by a very specific polysome 
immunoselection procedure, full length NADP-GDH cDNA was anticipated to be at 
least 2.2 kb. As described in a later section of this paper, Northern blotting analyses 
showed the NADP-GDH mRNA to be 2.2 kb. 

Analysis of the C. sorokiniana NADP-GDH cDNA sequence 

4 A truncated open-reading-frame (ORF) was found running from the first nucleotide of 
the consensus NADP-GDH sequence to a TAA stop-codon at 1,570 bp (Fig. 2). This 
ORF encodes a protein with a molecular weight of 57,401 which is almost the complete 
size (-98%) of the NADP-GDH precursor-protein(s) (58,500 Da). The molecular 
weight of the mature cr-subunit is 55,500; therefore, the consensus cDNA appears to 
encode part of the chloroplast transit-peptide [20] but is missing the ATG start-codon for 
this peptide and also the 5 ' -untranslated region of the mRNA. If the a- and 0-subunits 
are formed by differential processing of a common precursor-protein derived from a 
single mRNA, this consensus cDNA presumably contains the sequences for both mature 
subunits. 

The deduced amino acid sequence of the C sorokiniana NADP-GDH is 50% and 
50.3% identical with those of E. coli [25] and N. crassa [21], respectively. However, 
comparison of the sequences of the highly conserved region identified by Mattaji et al. 
[24] shows much stronger homologies of 76.6% and 73.4%, respectively (Fig. 2). The 
conserved region has been proposed to include amino acids involved in binding of 
dicarboxylate substrates, in catalytic activity, and in interactions affecting an allosteric 
conformational equilibrium [24]. The less conserved C-terminal halves of GDHs are 
probably involved in binding of their coenzymes [1,43]. 

Analysis of codon usage in the NADP-GDH encoding ORF (Table 1) revealed a strong 
bias towards the use of codons containing G and C at both the first (i.e., in the case of 
arginine and leucine codons) and the third positions. This preference correlated with the 
high GC content (63%) reported for C sorokiniana genomic DNA [8]. Furthermore, for 
most amino acids, there was an extreme preference for a particular base at the third 
position of the codon (i.e., G for leucine and valine codons and C for serine, proline, 
threonine, arginine and glycine codons). 

Expressed ribulose bisphosphate carboxylase small subunit genes of Chlamydomonas 
reinhardtii [15] exhibit the same extreme preference for the codons most frequently used 
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in the Chlorella NADP-GDH gene. This bias may prove to be a common feature for 
genes of eukaryotic aigae. Genes of monocotyledonous plants also show a preference for 
codons containing G or C as the third degenerate base [29], especially in highly 
expressed genes s uch a s the chlorophyll a/b binding protein gene of Lemna gibba [19]. 



fic 4 ucnty iu genes from Drosophila and uu ncn mammalian genes but are not used 
preferentially in genes of E. coli, Bacillus subtilis, Saccharomyces cerevisiae and 
Schizosaccharomyces pombe [37]. 

Expression of C. sorokiniana NADP-GDH antigen in E. coli. 

A translational fusion of the 5' end of a modified E. coli lac gene with the long ORF of 
C sorokiniana NADP-GDH cDNA clone pGDc23 was created by subcloning the cDNA 
insert into pBluescript SK' (pBS-GDc23; Fig. 3). E. coli strain JM109, carrying this 
construct, accumulated antigen which was recognized by antibodies raised to purified C. 
sorokiniana NADP-GDH (Fig. 3). A low level of transcription was initiated at the lac 
promoter in the absence of inducer, and the 0-galactosidase-GDH fusion protein could 
b&detected under these conditions (Fig. 3, lane 2). The addition of 5 mM IPTG • 
resulted in approximately two-fold increase in the concentration of the fusion protein in 
the cell (Fig. 3, lane 3). The cDNA insert in pBS-GDc23 is 87% of the full length 
NADP-GDH mRNA (and encodes a protein of 440 amino acids with a molecular weight 
of 51,059). Therefore, this truncated subunit along with its 39 amino acid extension of 0- 
galactosidase is much larger than the E. coli NADP-GDH subunit (M r = 46,000). 

Number of C. sorokiniana NADP-GDH mRNA species 

To determine whether NADP-GDH mRNAs of different sizes accumulate in C. 
sorokiniana cells in which the a- and /3-subunits are being simultaneously induced in 29 
mM ammonium medium, total RNA was extracted from cells harvested at intervals 
during a 240 min induction period and analyzed by Northern blot analysis. The 
restriction-fragment hybridization probes were prepared from the highly conserved region 
(i.e., 242 bp; see Fig. 1A) and from the 3 ' -untranslated (non-coding) region (i.e., 378 bp, 
see Fig. 1A). The rationale behind the use of these two different probes, which originate 
from the same cDNA, is that genes which belong to multigene families are observed 
[11,14] to be very similar in their amino acid coding regions but tend to diverge rapidly 
in the sequences which encode the 5'- and 3 ' -untranslated regions of their mRNAs. 
Thus, the NADP-GDH conserved-region probe was anticipated to hybridize' to all ► 
NADP-GDH mRNA species (since they would have the conserved region in common) 
whereas the 3 ' -untranslated region probe would be predicted to hybridize only to its 
unique NADP-GDH mRNA The autoradiograms of the Northern blots which were 
analyzed with these two probes is shown in Fig. 4. Both probes hybridized to a single 
size (2.2 kb) NADP-GDH mRNA (Fig. 4, panels B,D). Furthermore, the same changes 
in abundance of NADP-GDH mRNA were observed with the two probes (Fig. 4, panels 
B,D) and no additional bands were detected following longer exposures of these 
Northern blots (Fig. 4, panel C). These results are consistent with there being only a 
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single species of NADP-GDH mRNA. However, the possibility that two NADP-GDH 
mRNAs exist of nearly identical size with coordinate kinetics of induction could not be 
excluded by these analyses. 



NADP-GDH mRNA was first detected 20 min after addition of ammonium to the cells 
(Fig. 4, panel C). Its concentration then increased rapidly (approximately sixteen-fold) to 
a maximum between 60 and 80 min (Fig. 4, panel B; Fig. 5A). After this rapid increase, 
the concentration of NADP-GDH mRNA decreased sharply to a minimum between 100 
and 140 min and then increased once again but more slowly (Fig. 4, panel B; Fig. 5A). 
The same changes in NADP-GDH mRNA concentration were observed in two separate 
preparations of poly(A)*RNA from cells harvested in this experiment, and also when 
total cellular RNA (containing 1 /xg of poly(A)*RNA per lane as determined by the 3 H- 
poly(U) binding assay) was Northern blotted (Fig. 4, panel A). Because 1 ng of 
poly(A) + RNA was electrophoresed in each lane, the Northern blots reflect changes. in 
relative specific-levels of NADP-GDH mRNA within a constant amount of total cellular 
poly(A)*RNA. Therefore, these data are presented in a manner analogous to expressing 
concentrations of enzymes in cell extracts on a specific activity basis (e.g., mUnits 
enzyme/mg total cellular protein). Although a constant amount of total cellular 
poly(A)*RNA was electrophoresed in each of the sample wells for Northern blot 
preparation, the actual level of total poly(A)*RNA per ml of culture increased 2,8-fold in 
essentially a linear manner over the 240 min induction time-course (Fig. 5A). From the 
pattern of accumulation of total cellular poly(A)*RNA per ml of culture and the relative 
specific-level of NADP-GDH mRNA within the total poly(A)*RNA, the relative level of 
NADP-GDH mRNA per ml of culture was calculated and compared with the pattern of 
accumulation of NADP-GDH catalytic activity per ml of culture during the induction 
period (Fig. 5B). Even when expressed on this basis, it is evident that a net loss in 
NADP-GDH mRNA occurred between 80 and 100 min, indicating that both mRNA 
synthesis and degradation regulate the cellular level of this mRNA (Fig. 5B). There is 
increasing evidence that changes in rate of mRNA degradation rather than rate of gene 
transcription can regulate the levels of specific mRNAs in eukaryotic cells [23,34]. 
Therefore, it will be important to determine in future studies whether changes in rate of 
gene transcription or mRNA degradation are primarily responsible for the rapid 
fluctuation in NADP-GDH mRNA concentration during the first 120 min of the 
induction period in 29 mM ammonium. 

The patterns of induction of unstable enzymes are predicted to parallel the patterns of 
accumulation of their mRNAs [36], Although the accumulation patterns of NADP-GDH 
catalytic activity and mRNA per ml of culture tended to parallel each other between 0 
and 40 min and also between 100 and 240 min, the sharp oscillation in NADP-GDH 
mRNA concentration between 40 and 100 min only resulted in small to moderate 
changes in the rate of accumulation of NADP-GDH catalytic activity during this same 
time period. This discrepancy between the two patterns suggests that some type of 
mRNA translational control [6,18] and/or enzyme covalent-modification/turnover [2] is 
preventing expression of the total hybridizable NADP-GDH mRNA as the accumulation 
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of a proportional amount of total NADP-GDH activity. The addition of the 
aforementioned findings, to the previously published model [2] for NADP-GDH 
regulation, indicate that a complex interplay of regulatory processes controls the 

-ai^lllom^m-illductfd-levels/activi^es-o^the- t wO"NADP■^GDH isoenzymes-m-me 

_ chloroplas L oLCsorokimana. 

Conclusions 

Several lines of evidence support the inference that the cDNA clones described herein 
encode a C. sorokmiana NADP-GDH. These cDNAs hybridize strongly to the gdhA 
gene of S. typhimurium and have high sequence identity to both prokaryotic and 
eukaryotic NADP-GDH genes (Fig. 2). When expressed in E. coli from the lac 
promoter, the cells accumulate an antigen recognized by antibodies against the C. 
sorotdniana NADP-GDH (Fig. 3). 

No differences were detected among the 17 NADP-GDH clones that were analyzed 
(Fig. 1). Moreover, only one NADP-GDH mRNA size was detected on Northern blots 
probed with restriction fragments derived from the highly conserved region or the 3 ' - 
untranslated region of the longest cDNA (Fig. 4). These latter observations are ■ 
consistent with the hypothesis that the a- and 0-subunits are encoded by a single mRNA 
species transcribed from the single NADP-GDH gene [7]. There remains the possibility, 
however, that more than one mRNA species might be produced as a result of differential 
splicing of its large precursor-mRNA Small differences such as the omission of one of 
the smaller exons [7] or differences in the region upstream of the majority of the cDNAs 
possibly could have gone undetected in this study. 

The NADP-GDH cDNA presented in this paper represents the first GDH sequence 
from the plant kingdom. Preliminary experiments indicate that the gene may represent a 
useful probe for the isolation of NADP-GDH genes from certain higher plants (J.M. 
Cock and R.R. Schmidt, unpublished data). The cloning of this cDNA will facilitate 
characterization of the molecular mechanisms regulating expression of the NADP-GDH 
gene in cells cultured under different nitrogen nutritional regimes. In addition, we are 
particularly interested in the a-subunit, whose homohexamer has an unusually low for 
ammonium (0.02 to 3.5 mM), for use in higher plant biotechnology. 
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Table 1. Codon usage for translation of a 1,572 bp open-reading frame, within a 2,145 bp 
consensus NADP-GDH cDNA, encoding approximately 98 percent of a G sorokiniana 
NADP-GDH precursor protein. This table shows the number of times each amino acid 
cudun upueurs in the oven-reading ' frame.- " 



TTT phe F 


2 


TCT ser S 


2 


TAT tyr 


Y 


2 


TGT cys C 


_ 


TTC phe F 


17 


TCC ser S 


15 


TAC tyr 


Y 


16 


TGC cys C 


9 


TTA leu L 




TCA ser S 




TAA OCH 


Z 


1 


TGA OPA Z 




TTG leu L 




TCG ser S 


5 


TAG AMB 


Z 




TGG trp W 


4 


CTT leu L 


2 


CCT pro P 


3 


CAT his 


H 




CGT arg R 


1 2 


CTC leu L 


1 


CCC pro P 


17 


CAC his 


H 


6 


CGC arg R 


27 


CTA leu L 


1 


CCA pro P 


1 


CAA gin 


Q 




CGA arg R 




CTG leu L 


34 


CCG pro P 


6 


CAG gin 


Q 


26 


CGG arg R 


1 


ATT ile I 


1 


ACT thr T 


2 


AAT asn 


N 


1 


AGT ser S 




ATC ile I 


23 


ACC thr T 


17 


AAC asn 


N 


19 


AGC ser S 


11 


ATA ile I 




ACA thr T 




AAA lys 


K 




AGA arg R 


3 


ATG met M 


14 


ACG thr T 


2 


AAG lys 


K 


36 


AGG arg R 


1 


GTT val V 


4 


GCT ala A 


3 


GAT asp 


D 


3 


GGT gly G 


1 


GTC val V 


5 


GCC ala A 


30 


GAC asp 


D 


23 


GGC gly G 


45 


GTA val V 




GCA ala A 


0 


GAA glu 


E 




GGA gly G 


0 


GTG val V 


31 


GCG ala A 


15 


GAG glu 


E 


33 


GGG gly G 


1 
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Figure Legends 

Fig. 1. Restriction maps of 17 NADP-GDH cDNAs isolated from a C sorokiniana 
cDNA Ubrary prepared from total poly(A)*RNA extracted ^from cells induced for 80 min 
in 2 9 mM ammonium medium. Tanel A. 2.145 bp consensus NADP^GDII cDNA 
: :: ¥ e §gietion map. Thc~hcavy ^ "U gKfbl^frlincOH^ and 
the 3 ' -untranslated region, respectively. The regions corresponding to the conserved 
region probe (242 bp Pstl fragment) and the 3 ' -untranslated region probe (378 bp 
Narl/Smal fragment) are indicated. Panel B, the cDNA clones pGDc2, 3, 6, 7, 10, and 
23 were isolated using a heterologous 1.2 kb probe from the gdhA gene from 5. 
thyphimwium. Both strands of pGDc23 (1.91 kb) have been sequenced as indicated by 
the arrows. pGDc23 has a poly(A)tail of 70 nucleotides which is included in the length 
of the consensus cDNA restriction map. Panel C, the cDNA clones, pGDc30, 31, 32, 33, 
34, 35, 36, 38, 39, 42 and 44 were isolated using a homologous 115 bp Pstl fragment from 
near the 5 '-end (overlapping into conserved region) of pGDc23. 

Fig. 2. Nucleotide sequence of the consensus C. sorokiniana NADP-GDH cDNA derived 
from the 17 cDNAs described in Fig. 1. Beginning with the first nucleotide from the 5'- 
terminus of this consensus cDNA, an ORF was identified that encodes a 57,401 Da 
polypeptide (524 amino acids) which is 98% of the molecular weight of the NADP-GDH 
precursor protein(s) (58,500 Da). The deduced amino acid sequence of this polypeptide 
(Cs) is compared with those of the E. coli (Ec) and N. crassa (Nc) NADP-GDHs. Their 
percent identities were calculated over the entire length of each NADP-GDH which 
overlapped with the C sorokiniana polypeptide and also for the strongly conserved 
region (i.e., between the arrows) identified by Mattaj et al [24]. 

Fig. 3. Expression of a C. sorokiniana NADP-GDH cDNA in E. coli. The pGDc23 
insert was fused in-frame to a portion of the lac z gene in the pBluescript SIC vector 
which directed the synthesis of a fusion protein composed of 39 residues of the 0- 
galactosidase followed by 440 residues of the C sorokiniana NADP-GDH as shown 
below: 

39 Amino Acids 440 Amino Acids 

M GGRNSRQ V 

[ATG GGC TGC AGG AAT Ti CCUCGC CAG GTT TAA] 

'EcoRI Stop 
linker codon 
pBS-SK polyl inker NADP-GDH cDNA 

The Western blot was prepared after SDS-PAGE and probed with C sorokiniana anti- 
NADP-GDH IgG. Lane 1, cell extract from £, coli strain JM109; Lane 2, cell extract 
from the bacterium carrying the plasmid, pBS-GDc23; Lane 3, cell extract from the 
bacterium carrying pBS-GDc23 after the addition of 5 mM IPTG to the culture; Lane 4, 
protein molecular-weight standards; Lane 5, cell extract from C. sorokiniana containing 
the NADP-GDH a-subunit. 
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Fig. 4. Northern blot analysis of total cellular RNA and total poly(A)*RNA to estimate 
the number and size of mRNAs encoding the NADP-GDH a- and 0 -isoenzymes in C 
sorokiniana cells induced in 29 mM ammonium medium for 240 min. A, Total cellular 
RNA hybridize d to th e 2 4 2 bp prob e from th e highly c on se rve d region probe-in the 1.9 1 



region probe. C, Same as panel b except tne autoradiogram was exposed tor a longer 
time to show presence of mRNA by 20 min into the induction period, D, Total 
poly(A)*RNA hybridized to the 378 bp probe from the non-coding region in the 1.91 kb 
cDNA (see Fig. 1A). A constant amount of poly(A)*RNA from each of the harvest 
times was loaded onto the gels. 

Fig. 5. The patterns of accumulation of NADP-GDH mRNA, total poly(A)*RNA, and 
NADP-GDH catalytic activity in C. sorokiniana cells induced in 29 mM ammonium 
medium for 240 min. A, (*) specific level of NADP-GDH mRNA (% of poly(A')RNA); 
(A) relative level poly(A) + RNA per ml. B, (•) relative level NADP-GDH mRNA per ml; 
(O) NADP-GDH catalytic activity per ml. The mRNA levels were obtained by scanning 
the 2.2 kb bands in Panel B of the Northern blot in Fig. 4 with a laser densitometer. 
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TGCAGACCGCCCTCGTCGCCAAGCCTATCGTGGCCGCCCGGCCTGCGCAGCCCCGCGCTGCCTCGCGCCGTGGCCTGCGCGCGTGGTCGC 90 
CsCGPPSSPSLSWPPGLRSPALPRAVACARGR 

TCCGCCAAGCGCGATGTCGCCGCCAAGCGTCTGAGGAGCAGATCTCCGCGGATGGACGCCACCACCGGCGACTTCACGGCGCTGCAGAAG 180 
SAKRDVAAKRLRSRSPRMDATTGD F T A L 0 K 

GCGGTGAAGCAGATGGCCACCAAGGCGGGCACTGAGGGCCTGGTGCACGGCATCAAGAACCCCGAGCTGCGCCAGCTGCTGACCGAGATC 270 
CsAVKQMATKAGTEGLVHG I KNPELRQLLT EI 
Ec MDQTYSL.SFLNHVQK 

Jj| J_ S 

_ irrtir.i^rrrr r r,tr.r 360 




CTGCTGCCCATCTTCAAGCAGATCGTTGAGCCTGAGCGCGTGATCACCTTCCGCGTGTCCTGGCTGGACGACGCCGGCAACCTGCAGGTC 450 
LLP1 FKQ IVEPERVITFRVSWLODAGNLQV 

QMSLLERL Q . • ■ V . V . . R H Q I . . 

YRTALTVASI Q...V.E..M..V.. 

AACCGCGGCTTCCGCGTGCAGTACTCGTCCGCCATCGGCCCCTACAAGGGCGGCCTGCGCTTCCACCCCTCCGTGAACCTGTCCATCATG 540 
NRGFRVQYSSAIGPYKGGLRFHPSVNLSIM 

AW,. . F M • j- 

...Y...FN..L L ........ L 

AAGTTCCTTGCCTTTGAGCAGATCTTCAAGAACAGCCTGACCACCCTGCCCATGGGCGGCGGCAAGGGCGGCTCCGACTTCGACCCCAAG 630 
KFLAFEQI FKNSLTTLPM G G GKGGSDFDPK 

• • . G . . . T . • . A • 

. . . G A..G.S A 

GGCAAGAGCGACGCGGAGGTGATGCGCTTCTGCCAGTCCTTCATGACCGAGCTGCAGCGCCACATCAGCTACGTGCAGGACGTGCCCGCC 720 
GKSDAEVMRFCQSFMTELORH1 SYVOOVPA 
...EG....Q...AL....Y..LGADT.... 
I Rl. ..CA..A..HK..GADT.... 

GGCGACATCGGCGTGGGCGCGCGCGAGATTGGCTACCTTTTCGGCCAGTACAAGCGCATCACCAAGAACTACACCGGCGTGCTGACCGGC 810 
GD I GVGARE I GYLFGQYKR I TKNYTG-VLTG 
... r ..G..V.FMA.MM.ICLSN.TAC.F.. 

G M..A.RKAAMRFE 

AAGGGCCAGGAGTATGGCGGCTCCGAGATCCGCCCCGAGGCCACCGGCTACGGCGCCGTGCTGTTTGTGGAGAACGTGCTGAAGGACAAG 900 
KGQEYGGSE I RPEATGYGAVLFVENVLKDJC 

. L S F • . . L L 'Iw T AuH"c52- 

. L S W • . . L L.YY.fiHM.EYS 

GGCGAGAGCCTCAAGGGCAAGCGCTGCCTGGTGTCTGGCGCGGGCAACGTGGCCCAGTACTGCGCGGAGCTGCTGCTGGAGAAGGGCGCC 990 
GESLKGKRCLVSGAGNVAQYCAELLLEKGA 

. MGFE.M.VS...S A 1 . K A N . F . . 

. AGSYA...VAL..S A . L K . I . L . . 

ATCGTGCTGTCGCTGTCCGACTCCCAGGGCTACGTGTACGAGCCCAACGGCTTCACGCGCGAGCAGCTGCAGGCGGTGCAGGACATGAAG 1080 
IVLSLSDSQGYVYEPNGFTREQLQAVQDMK 
R.ITA...S.T.VOES...K.K.ARLIEI. 
T .V K ALVATGESG I TVED I NAV • A 

AAGAAGAACAACAGCGCCCGCATCTCCGAGTACAAGAGCGACACCGCCGTGTATGTGGGCGACCGCCGCAAGCCTTGGGAGCTGGACTGC 1170 
KKNNSAR I SEYKSDTAVYVGORRJCPUELDC 
ASRDRDG.VAD .AKEFGLVY - LEGQO. . S . P - 
I . E - - . . Q . LTSFQH . GHLKWIEGAR .LHVG 

CAGGTGGACATCGCCTTCCCCTGCGCCACCCAGAACGAGATCGATGAGCACGACGCCGAGCTGCTGATCAAGCACGGCTGCCAGTACGTG 1260 
QVDIAFPCATQNEIDEHDAELLIKHGCQYV 

- L L.VDA.HQ - . A N . V K A . 

K....L V S K E E . • G • L A A . . K F . 

GTGGAGGGCGCCAACATGCCCTCCACCAACGAGGCCATCCACAAGTACAACAAGGCCGGCATCATCTACTGCCCCGGCAAGGCGGCCAAC 1350 
VEGANMPSTNEAI HKYNKAGI IYCPGKAAN 

A T.I..TELFQQ..VLFA 

A..S..GC.L...E VFENNRKE . K . EAVW .A 

GCCGGCGGCGTGGCGGTCAGCGGCCTGGAGATGACCCAGAACCGCATGAGCCTGAACTGGACTCGCGAGGAGGTTCGCGACAAGCTGGAG 1440 
AGGVAVSGLEMTQNRHSLNWTREEVRDKLE 

T A. . A A R . G . K A . K . D A R . H 

C J. ..A.-SGR...-QA..OE.-K 

CGCATCATGAAGGACATCTACGACTCCGCCATGGGGCCGTCCCGCGAGTACAATGTTGACCTGGCTGCGGGCGCCAACATCGCGGGCTTC 1530 
R I MKD IYDSAMGPSREYNVDLAAGANIAGF 

H. . L . HHACVEHGG . GEQT NYVQ 

D . . . NAFFNGINTAKTYVEAAEGELP S . V . . S 

ACCAAGGTGGCTGATGCCGTCAAGGCCCAGGGCGCTGTTTAAGCTGCCCAGGCCCAAGCCACGGCTCACCGGCAATCCAACCCAACCAAC 1620 
TKVADAVKAGGAV* 

V ML. ..VI* 

V. . .Q.HHD. .DWWSKN* 

TCAACGGCCAGGACCTTTTCGGAAGCGGCGCCTTTTTCCCAGCCAGGGCCCTCACCTGCCCTTTCATAACCCTGCTATTGCCGCCGTGCC 1710 
CCTGCAATTCCACCCCAAGAAGAACTAGCGGCACTTGACTGCATCAGGACGGCTATTTTTTTCGCGACGCGCGCTCACCCCGAGAGCCTC 1800 
TCTCCCCCGAGCCCTAAGCGCTGACGTCCGCCCGACTTTGCCTCGCACATCGCTCGGTTTTGACCCCCTCCAGTCTACCCACCCTGTTGT 1890 
GAAGCCTACCAGCTCAATTGCCTTTTAGTGTATGTGCGCCCCCTCCTGCCCCCGAATTTTCCTGCCATGAGACGTGCGGTTCCTAGCCTG 1980 
GTGACCCCAAGTAGCAGTTAGTGTGCGTGCCTTGCCCTGCGCTGCCCGGGATGCGATACTGTGACCTGAGAGTGCTTGTGTAAACACGAC 2070 

-GAGfC-CPoty-A->7Q — 2U5 ~ 
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A probe derived from the highly conserved region of a Chlorella sorokiniana NADP- 
specific glutamate dehydrogenase (NADP-GDH) cDNA was used to select eight NADP- 
GDH clones from a C sorokiniana genomic DNA library. Restriction maps of the four 
longest overlapping genomic clones showed them to span a 21.9 kb region. Almost 10 kb 
of this region were sequenced and shown to contain the complete 2145 bp consensus 
sequence which encodes 98% of the 58,500 Da precursor-protein(s) from which the 
NADP-GDH a- and /?-subunits are processed. The consensus sequence is distributed 
among 22 exons, ranging in size from 18 bp to 550 bp, covering 7143 bp. The 21 introns 
in this gene are an unusually large number for an eukaryotic microorganism. To 
determine whether this sequence corresponds to the only NADP-GDH gene in this 
organism, Southern blot analyses were performed on restriction fragments produced by 
digestion of the genomic clones and total cellular genomic DNA with several 
endonucleases. The restriction fragments were hybridized to probes corresponding to 
sequences from the highly conserved and 3 ' -untranslated regions in the NADP-GDH 
consensus cDNA. The rationale was that the former probe should hybridize to any 
NADP-GDH gene whereas the latter probe to only the unique NADP-GDH gene having 
the untranslated region. Although all of the Southern blot data are consistent with C. 
sorokiniana having only one NADP-GDH gene, very convincing evidence came from 
Smal digests which produced only a single 6.9 kb fragment which hybridized strongly 
with both probes. 
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Introduction 

ChloreUa sorofdniana cells have been shown to have ammonium-inducible NADP-specific 
ghitamate dehyrirnggn^ (MADEsGDH) .kngnTymftgjhat are i ghlnrrip1fljt-1oraH7eH 

^NADP^GDH~acilviiy can be ■ assucia^ a- ui gF 

subunits (55,500 Da or 53,000 Da, respectively) or with a mixture of homo- and 
heterohexamers (i.e., 6a, 5a:l/3, 4a:20, 3a:3/3, 2a:40; la:5j9, 6)9) [4,29]. 

Although the a- and /?-homohexamers have strikingly different affinities for ammonium 
[4], and their in vivo rates of turnover are very different [3], they have very similar 
peptide maps [4] and are derived from precursor proteins [4,5,30] of identical size 
(58,500 Da). Antibodies prepared against the /?-homohexamer were shown to 
immunoprecipitate both isoenzymes [3,4,42]. Because these latter properties indicate 
that the a- and 0-subunits have a high degree of sequence homology, Cock et al. [9] 
attempted to determine whether these subunits are encoded by one or two NADP-GDH 
mRNAs, i.e., encoding a single precursor-protein which is differentially processed to yield 
a- or 0-subunits, or two precursor-proteins of essentially the same size which are 
processed specifically to yield the two types of subunits, respectively. They prepared a 
cDNA library from C sorofdniana cells which were simultaneously synthesizing NADP- , 
GDH a- and 0-subunits. Seventeen NADP-GDH cDNAs with identical overlapping 
restriction-maps/nucleotide sequences (0.6 to 1.91 kb) were isolated. No NADP-GDH 
cDNAs with different sequences were isolated. Each cDNA contained a 354 bp 
conserved region [23], with a deduced amino acid sequence, having 77% and 73% 
identity with the corresponding regions in the Escherichia coli [24,38] and Neurospora 
crassa [22] NADP-GDHs. From the 17 cDNAs, a 2145 bp consensus sequence was 
derived which contains an open-reading-frame (ORF) for a 57,401 Da protein which is 
98% of the size of the precursor-protein(s) from which the two subunits are processed. 
The 57,401 Da protein appears to contain part of the chloroplast transit-peptide and 
sufficient sequence for the a- or /?-subunit, if processing of a single precursor-protein can 
give rise to either type of subunit. To determine whether the two subunits are encoded 
by NADP-GDH mRNAs of different size or with different patterns of induced 
accumulation, these workers performed Northern blot analyses on total cellular RNA 
and poly(A)*RNA isolated from cells during a 240 min induction period in which both 
subunits were accumulating. The blots were hybridized separately with cDNA probes 
derived from the conserved region and the 3 ' -untranslated region of the longest (1.91 
kb) NADP-GDH cDNA. The rationale behind the use of the two probes was that the 
amino acid coding regions of closely related genes are observed [11,14] to remain 
relatively stable whereas the 3'- and 5 ' -untranslated regions tend to diverge rapidly. 
Therefore, the former probe was anticipated to hybridize to any NADP-GDH mRNA 
having the highly conserved region and the latter probe was predicted to hybridize only 
to the unique mRNA from which it was derived. Using either probe, the same pattern 
of accumulation of a single-size (2.2 kb) mRNA was seen throughout the induction 
period. These observations were taken as evidence that the a- and ^-subunits are 
encoded by a single mRNA. 

The purpose of the research described in this paper was to isolate and sequence the 
gene corresponding to the NADP-GDH consensus cDNA sequence described by Cock et 
-[9]raiid-to-perfonri--SoTiTlrern blot analyses with the highly conserved and 3^= 
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untranslated region probes to determine whether the C sorokiniana genome contains 
multiple NADP-GDH genes. The data presented herein are consistent with this 
organism possessing only a single NADP-GDH gene having high homology with the 
conserved region probe. — — 
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Materials and methods 

Preparation and screening of a G sorokiniana genomic DNA library 



_C somkinianu~ct]hJHei& cultured asvnchronouslv^in^continuous^Ught4n=nitratC--mcdium^ 
which was aerated with 2% C0 2 -air at 38.5 °C as previously described [29,37]. The cell 
suspension was harvested, 250 ml aliquots were decanted into 500 ml Erlenmyer flasks, 
and stored without aeration at a low light intensity (i.e., 40.4 /xEmV 1 ) at 25 °C until 
extraction of genomic DNA- High molecular weight genomic DNA (approximately 70 
kb) was extracted from the unfrozen cells by the procedure of Cock et al. [10]. These 
workers showed that freezing of the cells before extraction of the DNA results in the 
recovery of lower molecular weight DNA (20 to 30 kb). 

The purified C. sorokiniana DNA was sent to Clontech Laboratories (Palo Alto, CA) 
for custom synthesis of primary and amplified genomic libraries in AEMBL3 as discussed 
earlier [10]. These libraries contained 2.5 x lCr and 1.5 x 10 10 pfu, respectively. 

From the amplified library, 1.8 x 10 6 pfu were probed in three rounds of screening with 
a 242 bp Pstl fragment from the highly conserved coding-region of the C. sorokiniana 
NADP-GDH cDNA clone, pGDc23 [9]. After digestion of pGDc23 with Pstl, the 242 bp 
fragment was separated from other fragments by agarose-gel (low melting point agarose, 
Bethesda Research Laboratories) electrophoresis, and then recovered from the gel by 
electroelution. A radiolabeled probe (1.8 x 10 9 cpm/1.5 /ig) was synthesized from this 
fragment by use of random hexamer primers (Pharmacia) as previously described [9,12]. 

After the third screening, the phage, carrying putative NADP-GDH genomic-DNA 
inserts, were replicated in top-agar plate cultures and recovered by immunoadsorption 
using LambdaSorb (Promega). The DNA was extracted from these phage and their 
insert DNAs were released by Sail digestion. These Sail fragments were subcloned into 
Sail digested pUC18 and transformed into E. coli JM109 [15,41]. These subclones were 
designated the pGDg series. 

Sequencing of NADP-GDH genomic DNA clones 

Four of the longest NADP-GDH genomic clones, pGDg 8.4.4, pGDg 14.10.1, pGDg 
14.4.1, and pGDg 15.2.1, were analyzed by restriction mapping. Restriction fragments 
and exonuclease III/mung bean nuclease deletion fragments from the overlapping clones 
pGDg 8.4.4 and pGDg 14.10.1 were prepared and subcloned into M13 vectors [41] mp 
18/19 for sequencing by the dideoxy method [32] using modified T7 DNA polymerase 
(Sequenase, United States Biochemical Corp.). 

Southern blots 

Restriction fragments were electrophoresed in 0.8% agarose gels, blotted [34] onto nylon 
membranes [31] (Hybond N, Amersham), and prehybridized for approximately 5 h in 10 
ml of 20% formamide, 0.6 M NaCl, 0.06 M sodium citrate, 0.01 M EDTA, 0.1% SDS, 5 
x Denhardt's solution, 50 /xg/ml sonicated/boiled calf thymus DNA. Hybridization was 
performed at room temperature for approximately 16 h in 5 ml of 50% formamide, 10% 
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dextran sulfate, 1 x Denhardt's solution, 4 x SSC, 0.1 M EDTA, 0.1% SDS, and 25 ng/nd 
of sonicated/boiled calf thymus DNA to which the denatured radiolabeled cDNA probe 
was added. When restriction fragments were used as hybridization probes, they were all 
derived from the C. somUniana }{ADP-GDH cDNA clone. pGDc23 f91. The entire 




times for 20 min at high stringency conditions (0.1 x SSC, 0.1% SDS, 65 °C). 
Autoradiography was performed at -70 °C with Kodak X-Omat AR film. 
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Results and discussion 

Restriction maps ofC. sorokiniana NADP-GDH genomic clones 



The C. sorokiniana genomic library in AEMDL3 was screened with a 242 bp hybridization 

=pP56^eS^^^^^^^^^^^^^^^^^^^^^^^j^^^^£ sorvkmiaruTY.9 FilfcF 
NADP-GDH cDNA, pGDc23 [9]. As reported earlier [9], the conserved region of 
pGDc23 has high identity with the corresponding regions in both bacterial and fungal 
NADP-GDH genes. From the genomic-library screening, eight putative NADP-GDH 
clones were isolated. Comparison of the restriction maps of these clones showed them 
to be derived from the same region of the C sorokiniana genome. Restriction maps" of 
the four longest overlapping genomic DNA inserts (i.e., pGDg 14.10.1, 8.4.4, 14.4.1, and 
15.2.1) are aligned in Fig. 1. Together they encompass a 21.9 kb region of the genome. 

C. sorokiniana total genomic DNA and the aforementioned four putative NADP-GDH 
genomic clones in EMBL3 were digested separately with iVwII. The resulting restriction 
fragments derived from the five DNA preparations were subjected to Southern blot 
analysis using pGDc7 as the hybridization probe (Fig. 2A,B). This 1347 bp NADP-GDH 
cDNA is identical to pGDc23 except that it is missing the poly(A)tail and most of the 
3 '-untranslated region. Under low and high stringency conditions, this cDNA probe was 
observed to hybridize to the same size restriction fragments in digests of the total C. 
soroidniana genomic DNA and of the longest NADP-GDH genomic clones, pGDg 
14.10.1 and 14.4.1 (Fig. 2A,B). However, the digests of the two shorter clones, pGDg 
8.4.4 and 15.2.1, each yielded only a single hybridizing fragment, indicating that these 
clones are missing. a portion of the NADP-GDH gene. 

Sequence of a C. sorokiniana NADP-GDH gene and identification of exons/introns 

A 9872 bp region of genomic DNA was sequenced in both directions from overlapping 
regions of pGDc 14.10.1 and 8.4.4 (Fig. 1). When this sequence was compared with the 
C. sorokiniana 2145 bp consensus NADP-GDH cDNA sequence, derived from the 
sequences of 17 NADP-GDH cDNA clones [9], the position of an approximately 7-8 kb 
NADP-GDH gene containing at least 22 exons was revealed (Fig. 3). The exons in this 
gene exhibit a range of lengths from 18 bp to a large exon of 550 bp at the 3 ' end. The 
18 bp exon is smaller than the smallest exons identified in higher plant genes [35]. 
However, smaller exons (i.e., 17 bp) have been observed in vertebrate [2] genes. 
Although the entire NADP-GDH consensus cDNA sequence can be accounted for within 
the 22 exons of this NADP-GDH gene, the consensus sequence represents only 97.5% of 
the full-length NADP-GDH mRNA [9] (i.e., 2145 bp versus 2220 bp, respectively). The 
remaining approximately 55 bp of unidentified sequence, corresponding to the 5 ' - 
terminus of the full-length cDNA, may prove to be part of the first exon (Fig. 3) or it 
possibly may be associated with new upstream exons. Therefore, we are uncertain, about 
the actual size of the first exon which is tentatively indicated as being 17 bp in Fig. 3. As 
shown, the first 5 bp of this exon has the sequence TGCAG. Although this sequence is 
at the 5 ' -terminus of the consensus cDNA, it is also the sequence found at the 3' -splice 
sites of introns in this gene. Thus, the actual size of the exon could be 12 bp. 
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Alternatively, because there is another TGCAG sequence located 298 bp upstream of 
the one in question, the latter one could be the 5 ' -splice site of the twenty- third exon 
and the former one could be a continuation of the sequence of a larger exon. 

The examination of jhe sequence upstream of the first exon ha^not resulted in the 

identification of putative eukaryotic p r omotei^elenients. Th ese elem ents may p r ove tO--r 
re^Tigitfo^^ rcgioira^l^Fbccn sc qucnccli~For e xampleTthc quaiP = 

skeletal muscle troponin I gene has its TATA box located approximately 2 kb upstream 
from the exon encoding the ATG start-codon [2], Of the approximately 10 kb that we 
have sequenced, only 1315 bp remains upstream from the first exon (Fig. 3) and the exon 
which contains the ATG start-codon has not been located yet. 

Because most genes of lower eukaryotes contain very few introns, the 21 introns that 
have been identified so far in this NADP-GDH gene represent an unusually high number 
for a lower eukaryotic microorganism. For example, the majority of Saccharomyces 
genes [13,21,43] and 18% of fungal genes in general [17] are intronless. Those lower 
eukaryotic genes which do contain introns usually contain only one or two on the average 

[18]. * 

The introns identified in the NADP-GDH gene are between 131 and 402 bp, with a 
mean-length of 241 bp. This mean length is similar to that calculated (i.e., 249 bp) in a 
survey of higher plant introns [17]. The introns of fungal, insect, and vertebrate genes 
tend to be shorter than those of plant genes [17]. In C. sorokiniana gene, we have 

C A TC 

derived a consensus AG | GTG GG sequence of the 5 ' -intron splice using the 

A C CG 

criteria suggested by Cavener [8]. This consensus closely matches the general consensus, 
CAG| GTAAGT [18], seen in animals and higher plants, apart from the predominance 
of G at position +3. Three of the 21 5 '-splice sites which have been identified in this 
NADP-GDH gene contain C at position +2 and hence do not conform with the GT-AG 
rule of Breathnach and Chambon [6]. Only 19 out of 3294 introns examined in a survey 
by Jacob and Gallinaro [18] were found not to contain a T at position +2 of the 5' 
splice site, and the only plant gene which has been identified to contain a substitution of 
this kind is the nodulin-24 gene of soybean [20]. 

Twenty NADP-GDH gene introns have a pyrimidine-rich stretch, as defined by Hanley 
and Schuler [16], between -3 and -20 upstream of the 3' splice site. Introns in animal 
genes commonly contain a series of pyrimidines in this region [26]. Although many 
introns in plant genes contain this pyrimidine rich region, particularly introns of 
monocotyledonous plants, the introns in plant genes are in general more variable than 
those of animals with respect to this pyrimidine-rich region [16]. We have derived a 

TTTTTTT T T 

consensus sequence of C rrrrrrr CcCt \^J^ CAG / for the 3 ' intron splice site of the 

C. sorokiniana NADP-GDH gene. The strong preference (i.e., 19 out of 21 introns) for 
G at position -4 is typical of plant introns [7] whereas mammalian introns show no 
preference for any nucleotide at this position. 

The putative TAA stop-codon for the C. sorokiniana NADP-GDH consensus cDNA- 
sequence [9] resides in the last exon along with the entire 3 ' -untranslated region (Fig. 
3). The region immediately downstream of this stop codon was compared with the 
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consensus sequence derived for this region in plant genes [19]. The C sorokiniana 
sequence contains the conserved G and T at +1 and +3, respectively, but lacks the AT- 
rich region immediately downstream. The AATAAA sequence which acts as a 
polyadenylation aign^ and viral jgcnes {28]-is not pr esent in th e-* 

C. sorokiniana NADP-GDH consensus cDNA. Although the NADP-GDH gene lacks the 
AATAAA signal sequence, Sauer and Tanner [33] have shpwn that the cDNA encoding 
the FT/hexose cotransporter of C kessleri contains this sequence beginning 342 bp from 
the polyadenylation site. The closest match to this sequence in the C. sorokiniana 
NADP-GDH gene is TGTAAA which begins 17 bp upstream of the polyadenylation site; 
however, this latter sequence lacks the conserved nucleotides immediately downstream 
which were identified in a survey of higher plant polyadenylation signals [19]. Moreover, 
because the majority of higher plant genes lack the AATAAA motif [19], the absence of 
this particular polyadenylation signal in the C sorokiniana NADP-GDH gene should not 
be considered as unusual. 



Evidence for a single species of NADP-GDH gene in C. sorokiniana 

To determine how many different NADP-GDH genes might be encoded in the C 
sorokiniana genome, the genomic DNA was digested with several endonucleases and the 
resulting restriction fragments were subjected to Southern blot analysis using cDNA 
probes which hybridize to the highly conserved and 3 ' -untranslated regions of pGDc23 
[9]. Cock et al [10] showed that C. sorokiniana genomic DNA is highly methylated (i.e., 
5.1 mol % 5-methylcytosine) and is resistant to digestion by many endonucleases. Of the 
20 endonucleases that these workers tested, Avail, Pstl, PvuU 9 and Taql digested high 
molecular weight C sorokiniana more completely than the others. Therefore, with the 
realization that even certain of these four endonucleases (e.g. Avail) might be inhibited 
by 5-methylcytosine in their restriction sites, all four were selected for use in the 
Southern blot analyses. The 242 bp highly conserved region probe was predicted to 
hybridize to restriction fragments containing this region from any species of the NADP- 
GDH gene in the C. sorokiniana genome. In contrast, because even closely related 
genes, which have high homologies among their amino acid coding regions, appear to 
diverge rapidly in their untranslated regions [11,14], the 378 bp 3 ' -untranslated region 
probe was anticipated to detect restriction fragments derived from only the unique 
NADP-GDH gene encoding this untranslated region. 

When the Southern blots were hybridized separately with each probe and then washed 
under stringent conditions, the 3 9 -untranslated region probe detected only a single 
hybridizing band in the genomic DNA digests with each of the four endonucleases (Fig. 
4A). The conserved-region probe also hybridized strongly to a single restriction fragment 
in each of the digests; however, in some of the digests, one or two weakly hybridizing 
bands were also visible (Fig. 4B). From the region of genomic DNA that has been - 
sequenced, it was possible to generate restriction maps for each of the four 
endonucleases and to predict the number and size of restriction fragments that should 
hybridize to the two probes (Fig. 5). A comparison of the number and size of the 
predicted hybridizing-fragments (Fig. 5), with those actually observed in the Southern 
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blot analyses (Fig. 4A,B), showed that in some cases more fragments were observed than 
predicted. The extra restriction-fragments, which hybridized with the conserved region 
probe, appear to result in part from the entire 354 bp conserved region in the NADP- 
GDH cDNA being split into six exons within the gene (encompassing a 2.09 kb length- o f- 

between some of these exons. The 242 bp conserved-region probe is predicted to 
hybridize to all or parts of five of the six exons, spanning a 1390 bp region of genomic 
DNA (Fig. 5). In contrast, the entire 3' -untranslated region resides within a single exon; 
therefore, the 3 7 -untranslated region probe is predicted to hybridize to only a 378 bp 
region in the genomic DNA (Fig. 5). 

With the exception of PvuU, the other endonucleases were predicted to yield multiple 
restriction fragments which should hybridize with the conserved region probe. However, 
the PvuU digest produced two hybridizing fragments: a strongly hybridizing fragment 
with the predicted size of 2736 bp and a weakly hybridizing fragment of approximately 
3.5 kb. This latter hybridizing fragments (3477 bp) is one of several fragments that 
would be predicted to transiently accumulate as the PvuU digestion of this region of the 
genomic DNA proceeds towards completion (Fig. 5). The Pstl digestion yielded a 
strongly hybridizing fragment of approximately 1100 bp with the conserved region probe. 
This fragment size was predicted along with smaller fragments of 342 bp and 576 bp. 
Overexposure of the autoradiogram (not shown) revealed the presence of these smaller 
fragments in both the Pstl and PvuU j*stl digest. The weakly hybridizing 2 kb fragment 
appears to be one of the predicted intermediates during Pstl digestion. The absence of 
this 2 kb fragment by the end of the digestion with both PvuU and Pstl further supports 
the conclusion that this fragment is a partial digestion product. The Taql digestion 
yielded the predicted 1159 bp and 590 bp hybridizing fragments with the conserved- 
region probe. Whereas digestion with Avail was predicted to produce 1330 bp and 554 
bp hybridizing fragments, the actual hybridization pattern showed a strong band at 
approximately 2.2 kb and weak bands at approximately 1.3 kb and 1.5 kb. Although 
2211 bp and 1456 bp hybridizing fragments are predicted to be transient products, and 
the 1330 bp fragment an end-product, the largest fragment was actually the predominant 
product. The slowness by which certain Avail restriction sites were cleaved may be due 
to the presence of 5-methylcytosine in these sites. 

The number and sizes of the PvuU, Pstl, and Taql restriction fragments, which were 
observed (Fig. 4A) to hybridize with the 3 ' -untranslated region probe, were essentially 
identical to those which were predicted in Fig. 5. However, the sizes of the predicted 
and observed ^4vaII restriction fragments were not in agreement (i.e., 1059 bp versus ~ 
1.7 kb). If 5-methylcytosine within the pair of closely situated Avail sites located at the 
3' -terminus of the 1059 bp predicted fragment (Fig. 5) prevented cutting at these sites, 
the nzxt Avail cleavage-site downstream would generate a 1776 bp fragment. This latter 
fragment is essentially the size of the one detected on the Southern blot (Fig. 4A). It is 
interesting to note that the closely situated pair of Avail sites at the 5 ' -terminus of the 
predicted 1330 bp conserved-region hybridizing fragment also appears to be partially 
resistant to cleavage. Thus, although the observed patterns of hybridization of the 
restriction fragments with the two probes varied in some cases from the patterns 
predicted for complete digestion at restriction cleavage sites (identified by gene sequence 
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analysis), we have been able to provide a reasonable accounting for the discrepancies 
from the predicted patterns. Taken collectively, the aforementioned results are 
consistent with this organism containing a single species of NADP-GDH gene. 
Moreov e r,-the observation (Fig. 2) that PvuU digests of the total C sorofdniana genomic 



8.4.4; gave essentially the same pattern of hybridization with the 13 kb NADP-GDH 
cDNA, pGDc 7, can be taken as additional evidence that this organism contains a single 
expressed NADP-GDH gene. 

As discussed above, interpretation of the Southern blot data (Fig. 4A,B), obtained with 
the two probes, was complicated by the presence of multiple restriction sites between the 
exons and also by uncomplete digestion at some of these sites. To circumvent this type 
of problem, the genomic DNA was digested with Smal which does not cleave within the 
regions where the two probes hybridize. Because there are no Smal sites between the 
conserved region and the 3 '-untranslated region, cleavage of the genomic DNA with 
Smal was predicted to produce a 6858 bp restriction fragment which should hybridize to 
both probes. Moreover, if there is only a single species of NADP-GDH gene in this 
organism, the 6958 bp fragment should be the only Smal restriction fragment which 
hybridizes with the conserved region probe. The Smal sites are positioned on the 
restriction maps of the four clones in Fig. 1. Those Smal sites which arb predicted to 
produce the 6958 bp fragment correspond to positions 1549 bp and 8407 bp in the " 
sequenced region of the genomic DNA shown in Fig. 5. 

In Fig. 6, a 6.9 kb restriction fragment which hybridizes strongly with both probes was 
indeed observed in the Smal digest of genomic DNA A Taql genomic digest was 
performed as a control and the conserved-region and 3 ' -untranslated region probes 
detected the predicted number and size of hybridizing fragments (i.e., 1159 bp and 590 
bp; and 1332 bp, respectively). A very large (> 23.1 kb) Smal restriction fragment was 
detected which hybridized very weakly with the conserved-region probe and not at all 
with the other probe (Fig. 6). The weakly hybridizing fragment actually electrophoresed 
only a short distance beyond the position of undigested genomic DNA in the gel (Fig. 6). 
It should be noted that, in a separate gel (not shown), the undigested genomic DNA was 
shown to hybridize strongly with the conserved region probe before Smal digestion. 
However, no hybridization was detected at its original position in the gel after digestion 
with Smal. 

Inasmuch as the conserved regions of NADP-GDH genes from bacteria [24,38], fungi 
[22], and Chlorella have high sequence homology and the a- and 0-subunits of the C. 
sorokiniana were shown [4] by peptide mapping to have very high sequence homology, it 
seems doubtful that the large weakly hybridizing Smal fragment is derived from a 
NADP-GDH gene encoding the a- or 0-subunits. Since the NADP-GDH conserved 
region has been proposed [1,40] to encode a protein-domain involved in the binding of 
dicarboxylic acids (e.g., glutamate), certain enzymes (e.g., mitochondrial NAD-GDH [25], 
glutamine synthetase [14,35], transaminases, etc.) which also use dicarboxylic acid 
substrates may have enough sequence homology to bind the NADP-GDH conserved 
region probe very weakly. 
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Conclusions 

We have accounted for the entire 2,145 bp consensus nucleotide sequence, derived from 
17 NADP-GDH _cDNAs by Cock et ^J9l vri^ 

^th^3 y TigtfBBsIat^l : efflon proy<^i)tain c ^ ^ 
genomic DNA with several restriction endonucleases, are consistent with this organism 
having only a single type of NADP-GDH gene. If there is another C sorokiniana 
NADP-GDH gene that was not detected in the isolation of genomic clones nor in the 
Southern blot analyses, the sequence of its conserved region would have to be very 
different from any described so far for bacteria [24,38] and fungi [22] or the C 
sorokiniana NADP-GDH gene described in this paper. 

The finding of a single type of NADP-GDH gene in this organism might seem to 
provide additional proof for their being only a single mRNA encoding the NADP-GDH 
a- an 0-subunits as proposed by Cock et al. [9]. However, the large size of this gene 
with its many exons provides the possibility that mRNA heterogeneity might be produced 
by alternative splicing [27,39] of a precursor mRNA An important consideration is that 
some of these exons are very small (i.e., 18 to 54 bp) and correspond to regions in the 
consensus NADP-GDI^ cDNA which were not overlapped by all of the cDNAs isolated 
by Cock et al. [9]. For example, of 17 which they isolated and characterized, six of them 
(i.e., pGDc 2,6,10,31,32, and 38) were truncated and terminated between the conserved 
region and the beginning of the 3 /-terminus of the 3 ' -untranslated region which is 
encoded in a single and the last exon in the NADP-GDH gene described herein. If the 
small 18 bp exon, which resides between these two regions, were to be eliminated by 
alternative splicing of the precursor mRNA, it is doubtful that two mRNAs differing in 
size by only 18 bp could be resolved by the standard electrophoresis/Northern blot 
procedure used in the previous study. Moreover, there are also some small exons that 
encode amino acid sequences that reside immediately upstream from the conserved 
region, and not all of the isolated cDNAs were long enough at their 5 ' -termini to 
include these exon sequences. Therefore, although the data in the present paper 
establish reasonably firmly that C sorokiniana has a single species of NADP-GDH gene, 
the complexity of its structure has shown us the importance of examining the sequences 
of a large number of full-length cDNAs before it can be stated with certainty whether 
the a- and 0-subunits are encoded by one or two mRNAs. To answer this question, 
cDNA libraries are currently being prepared from poly(A) 4 RNA which was extracted 
from cells growing under conditions [4] for induction of only the a- or /3-subunit. Even if 
two mRNAs are formed by alternative splicing, only a very limited number of exons can 
be deleted and still yield two RNAs that will co-electrophoreses as a 2.2 kb band. 
Moreover, the observation by Cock et al. [9] that, during the simultaneous induction of 
both types of subunits, the same induction pattern of the 2.2 kb mRNA band was 
obtained, with either the highly conserved region probe or the 3' -untranslated region 
probe, is consistent with the transcription of a single gene to yield one precursor-mRNA. 
However, as discussed above, additional research is required to establish with certainty 
how this precursor mRNA is processed. 
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Figure Legends 

Fig. 1. Restriction maps and exon domains of C sorofdniana genomic DNA clones, 
pGDg 14.49.4; -8.4.4, 14.4.1, aiid-l-5727l."-Tlie-entire-c(Klina Kitim~u[-lh£-€^sorvktnttmu = 



exons (black boxes) which are interrupted by introns with nuclear consensus splice sites 
at the exon/intron junctions. The heavy black-lines indicated on the restriction maps, for 
pGDg 14.10.1 and 8.4.4, correspond to regions which have been sequenced in both 
directions. The restriction maps were generated using Accl (Ac), BamHl (B), BglH (Bg), 
EcoRl (R), Hindlll (H), Kpnl (K), Smal (Sm), Xbal (Xb), and Xhol (Xh). 

Fig. Z Comparison of the size and number of PvuYL restriction fragments derived from 
G sorokiniana genomic DNA and four putative NADP-GDH genomic clones hybridized 
to a C sorofdniana cDNA probe (pGDc7; ref. 9) and washed under low stringency (A) or 
high stringency (B). The low and high stringency washes were: 2 x SSC at room . 
temperature and 0.1 x SSC at 65 °C, respectively. Lanes 1,2,3,4 and CG contained 
digests from genomic clones (see Fig. 1) 8.4.4, 14.4.1, 14.10.1, and 15.2.1, and total 
genomic DNA, respectively. ; 

Fig. 3. Nucleotide sequence of a C. sorokiniana NADP-GDH gene which contains at 
least 22 exons. The exons span 7143 bp within a 9872 bp region of the genome that was 
sequenced. The entire NADP-GDH consensus cDNA sequence, described by Cock et al 
[9], resides within the 22 exons. The positions of the exons in this figure are identified 
by their corresponding deduced amino acid sequences (universal one-letter amino acid 
code). The highly conserved region identified [9] in the consensus cDNA is distributed 
over six exons encompassing 2.09 kb as indicated by the positions of the two arrows. The 
separate arrow head shows the position of the polyadenylation site and the asterisk the 
position of the putative stop codon. The sequence corresponding to the 3 ' -untranslated 
region is underlined. 



Fig. 4. Southern blot analysis of restriction fragments obtained by digestion of C. 
sorokiniana genomic DNA with Avail (Av), Psil (P), Pvull and Pstl (Pv:P), Taql (T), and 
Pvull (Pv). A and B, the blots were hybridized to the 378 bp probe from the 3'- 
untranslated region and to the 242 bp probe from the highly conserved region of the 
NADP-GDH cDNA [9], respectively. The stringency of the washes was 0.1 x SSC at 
65 °C. 

Fig. 5. The predicted number and sizes of restriction fragments produced by digestion of 
the NADP-GDH gene (Fig. 3) with Pvull, Pstl, Taql, or Avail which should hybridize 
with the 242 bp conserved region or the 378 bp 3 ' -untranslated region probes [9]. The 
black portion of the fragments shows the region of hybridization within the fragments 
produced by complete digestion of the restriction sites indicated by the arrows. The 
dashed-lines show the sizes of restriction fragments resulting from incomplete digestion 
or by possible 5 ' -methylcytosine inhibition at certain cleavage sites. 
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Fig. 6. Southern blot analysis of restriction fragments obtained by digestion of the C. 
sorokiniana genomic DNA with Smal or Taql and hybridized with either the 242 bp 
conserved region probe (A) or the 378 bp 3 ' -untranslated region probe (B) and washed 
uader high stringency- oonditiono.--Th<y arrow -shows the position in -the gel of- undigest ed 
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GATCAGCCGCCTGCAACGCAAGGGCAGCCACAGCCGCTCCCACCCGCCGCTGAACCGACACGTGCTTGGGCGCCTGCCGCCTGCCTGCCG 90 

CATGCTTGTGCTGGTGAGGCTGGGCAGTGCTGCCATGCTGATTGAGGCTTGGTTCATCGGGTGGAAGCTTATGTGTGTGCTGGGCTTGCA 180 

TGCCGGGCAATGCGCATGGTGGCAAGAGGGCGGCAGCACTTGCTGGACGTGCCGCGGTGCCTCCAGGTGGTTCAATCGCGGCAGCCAGAG 270 

GGATTTCAGATGATCGCGCGTACAGGTTGAGCAGCAGTGTCAGCAAAGGTAGCAGTTTGCCAGAATGATCGGTTCAGCTGTTAATCAATG 360 

CCAGCAAGAGAAGGGGTCAAGTGCAAACACGGGCATGCCACAGCACGGGCACCGGGGAGTGGAATGGCACCACCAAGTGTGTGCGAGCCA 450 

GCATCGCCGCCTGGCTGTTTCAGCTACAACGGCAGGAGTCATCCAACTAACCATAGCTGATCAACACTGCAATCATCGGCGGCTGATGCA 540 

AGCATCCTGCAAGACACATGCTGTGCGATGCTGCGCTGCTGCCTGCTGCGCACGCCGTTGAGTTGGCAGCAGCTCAGCCATGCACTGGAT 630 

CAGGCTGGGCTGCCACTGCAATGTGGTGGATAGGATGCAAGTGGAGCGAATACCAAACCCTCTGGCTGCTTGCTGGGTTGCATGGCATCG 720 

CACCATCAGCAGGAGCGCATGCGAAGGGACTGGCCCCATGCACGCCATGCCAAACCGGAGCGCACCGAGTGTCCACACTGTCACCAGGCC 810 
ttiWWCr TT fiCAGAACCA T ^ 
_AlAl^CAGCAMGUCG^C^CAbCAliAbLUbLU^ 



CflA^C6CCAGfiCTA^tA{lCAAA(56cGCcYctccYAdYdC6CAyCfiATfitTC£AtAftT(SCATTG(SACttSt:A T T T 5SG t GGWlCGmTWiC I l l /U 
GTTTCTTTCGTGTTGCAAAACGCGCCACGTCAGCAACCTGTCCCGTGGGTCCCCCGTGCCGATGAAATCGTGTGCACGCCGATCAGCTGA 1260 
TTGCCCGGCTCGCGAAGTAGGCGCCCTCCTTTCTGCTCGCCCTCTCTCCGTCCCGCCA TGC AGA CCG CCC TCG TC GTGAGCAG 1343 

C G P P S S 

CGCTTGGGTTGCCTTGCAGCGGTTGTTGCTGGATCGCGCCGCCGGCCGACCGGGGCTGGTTGCACGGCCCGCCGCGCCGCGCACACTGAC 1433 
CGGCGGTCCTGTGCCTCCTCATTGCGACTGCAG G CCA AGC CTA TCG TGG CCG CCC GGC CTG CGC AGC CCC GCG 1506 

PSLSWPPGLRSPA 
CTG CCT CGC GCC GTG GCC TGC GCG CGT G GTAAGCGGCTCGGGTGGGGCCCGGGGATGGCACGCTGGGGTTAGGGTTGCGC 1586 

LPRAVACAR 
GGTGTGCGACGACAACGCCGCTCACGTCCAGCCTCAGCTGCTGGCGCCTCGCTGGCCCGCTGCCATTGCTCATGTGCAAGACAGGATGCT 1676 
GCCTGGGTGATGGGCGGAGCACCAGGGCTGTTGGTGGTGGGCGGCGCGCACGCTGCCGCCGCCGCCAGCCGCCGCGCGCCTGCCTCTCGC 1766 
AGTGGTGTGGCCCATCCTGCCTCCCTGCCAACAACCTCACCGCTCGCCCCGACCCGCAG GT CGC TCC GCC AAG CGC GAT GTC 1848 

GRSAKRDV 
GCC GCC AAG CGT CTCGGTGAGTGCTCTGCGTGCACCGCCAGCCCTGCAAGCACGCCCCCGCCGGCGCCAAACCTCCAACCGCCGCG 1934 

A A K R 

GGGACCCCGCTGCCATGCATGCACCTGCCGGCACCTGCACCGCCTTCGTGCGCGCCGCTCCTGTGCAGCCCTCACCGTCACTGACCAATC 2024 
CAAACACTTTTTCGCCACTGTTCTGCAG CTG AGG AGC AGA TCT CCG CGG ATG GAC GCC ACC ACC GGC GAC TTC 2097 

LRSRSPRMDATTGOF 
ACG GTGCGCCGCCACAGCCGTACTTATGCGCCCTGTTGGACTCGGGCAGCCACTGTACCGCCCCTTCATAGCGCCCGCCGTCCTGCCTG 21 86 
T 

ACATGvGCTCAACGCAAGCCATGCCATGCCTTCAAACAGCATGCATTCATCCCTGTCCTGACTCATCAAGATCGCCCTGTGTCTTGACCC 2276 
TGCGCr/jCCCCGCAACCGCCATCCCGCTTGTTTCCCGACCTGCCCTCTCCCCCCGCCCGCCCTCGTCCTCATGTGCCGCAG GCG CTG 2363 

A L 

CAG AAG GCG GTG AAG CAG ATG GCC ACC AAG GCG GGC ACT GAG GGC CTG GTG CAC GGC ATC AAG AAC 2429 

QKAVKQMATKAGTEGLVHGIKN 
CCC GAG CTG CGC CAG GCAAGTCTTTAGCCTGATTGGAATGGAATGTAAGCCTGCCTTGTGCGCATTCCTTGGGCATCAACAATCC 2514 

P E L R Q 

TGAGCTGCGCCAGGTGAGGAATAACACACCGTTTTTGAGCACTTCTATCGTCCCCACCTGCTGGCGTTGCGGCTCGACCGGGCTGCTTCA 2604 

AGAGCAGCCCCGATGAGAAGAAAGCCCACGTGCGCAGAGTGCCAAACGCTGTCTCCTTCCCCCGCCCTGTCATCCACCACAGCTGCTGAC 2694 

CGAGATCTTCATGAAGGACCCCGTTCAGCAGGAGTTCATGCAGGCTCATCTACATGCATGCGTAACAATAACCTGCCTCTTTCCTCTTCC 2784 

CACCACGCAG CTG CTG ACC GAG ATC TTC ATG AAG GAC CCG GAG CAG CAG GAG TTC ATG CAG GCG GTG CCC 2854 

L LTE I FMKDPEQOEFMQAVR 

GAG GTG GCC GTC TCC CTG CAG CCC GTG TTC GAG AAG CGC CCC GAG CTG CTG CCC ATC TTC AAG CAG GC 2922 

EVAVSLQPVFEK-RPELLPIFKQ 

AAGCGCGCCTGAGGGGGGCAGGGGTGGTGCAGGGCGGGTCAGAGGGCTGGTTATAACTAACTAGGGTGCGGTGGACACGGGCGTGCAGAA 3012 

GCCTGGCTCATCCACCAGTGACAGCAGCATGCTGGGTTGGCGAGCAGCAAGACACCCATTCACCGCTCGGCGACTGGCCTGACTAGCTGC 3102 

AAGTCTGCTCTGTGTTATTCGCCATCCGCAG ATC GTT GAGlCCT GAG CGC GTG ATC ACC TTC CGC GTG TCC TGG 3175 

IVEtPERVITFRVSW 

CTG GAC GAC GCC GGC AAC CTG CAG GTACAGCAGGCAGGCTGGCGCCTTGGCTGGCTAGTGTTCCCTTGCAGAGAGAAGCAGC 3257 

LDDAGNLQ 
ACACCACGCACGCACACTCGTCCCTGCCCGCCGCCATATGGCATGCATGCGGCATCCCGTGCGCCGACAATTCCACTGTTGTGCACTCAG 3347 

TTCAGCTTCATTCTCATGGCCCATTCATTCACTICACTGTTTGCAG GTC AAC CGC GGC TTC CGC GTG CAG TAG TCG TCC 3426 

VNRGFRVQYSS 
GCC ATC GGC CCC TAC AAG GGC GGC CTG CGC TTC CAC CCC TCC G GTGCGTGCCTGCACTGGCTGTGCCTGCGCTGG 3501 

AI GPYKGGLRFHPS 
CTGTGCCTGCGCTGGCCGTGCCTGCACCGGCTGTGCCTGGCTCAGCGGGTGGGGATGTGAGGCATGTCGGTGCACCAACCCGCCCGGCTT 3591 
GCTCCGACGTCTACACCTGCAACACGGCTGCACAATGGACAGGGCAGGGCGGGGCAGGCACTTGCATCGGTGCCCGCCCCTCCAGCATGC 3681 
ATGGGCGTGGCGAGCTGGGGGCGGGCCGGGCACCAACGGAGCAACTTGCAGTTCACCCTACTTTTCATGTGCCCCTGTCCAATGCCGCAG 3771 
TG AAC CTG TCC ATC ATG AAG TTC CTT GTGAGTGCTGCCAAGCCTTGAAAGCGCTGTGCTAGCTGGTGAAATTGAGCAAGGA 3852 
VNLSIMKFL 

GCTGGGAAGAGTATAGCCGTGGGGGCAGGCCAGCCACTTTGCTGGCGCAAAGGTGGCCCTGCGATGCGCTGCGGCGACTGACACAGCGGC 3942 
CCCTCCATCCCTTCACAACCATATGCAG GCC TTT GAG CAG ATC TTC AAG AAC AGC CTG ACC ACC CTG CCC ATG 4015 

AFEQI FKNSLTTLPM 
GGC GGC £GC AAG GGC GGC TCC GAC TTC GAC CCC AAG G GTGCGCCTTCCTTGAGTTAGTCGGCGGCAAGCTGCACATT 4092 

GGGKGGSDFDPK 
AAATGCCTCCGTCGGTCGTGTTTCAAGGCCCGCCCTGGCCCATCATTGGCTGACGGTCCACTGCCTGCCACCCTGTGTCGCCACCTACCT 4182 

GCATACCACCCACCCAACACTCCCGCCCCTCCTGCAACCCCTCCCTCCCCACTACCGCAG GC AAG AGC GAC GCG GAG GTG 4262 

G K S D A E V 
ATG CGC TTC TGC CAG TCC TTC ATG ACC GAG CTG CAG CGC CAC ATC AGC TAC GTG CAG GAC GTG CCC 4328 

MRFCQSFMTELQRHI SYVQOVP 
GCC GGC GAC ATC GGC GTG G GTGAGCGAGCGAGCGAGCAGCGAGCGGGCGTGTTTTTGAAAATTGCAGGGAGGGTAGTCGGGTG 4411 

A G 0 1 G V _ ,r«4 

GGGCAAAGGAAACGCACACACTTGCATGCGTAGCCAGCAAGCTTTCGTTCTCCTCATTCGCCGCTCCATTAGCTCACTGCCTTTGCCCAC 4501 
CTCTTGTTTACCAACAACACGCAG GC GCG CGClGAG ATT GGC TAC CTT TTC GGC CAG TAC AAG CGC ATC ACC 4572 

GARiE I GY L F GQYKR I T 
AAG AAC TAC ACC GGC GTG CTG ACC GGC AAG GG GTGAGGCCCGCTTGCACTGACTGAGCTCGAGCCGGGAGCAACTGTAC 4651 

KNYTGVLTGKG 
TTTGCATTCCTGCCGGTCTGTTTCGGGGCGGCTGATCGGCAAGGGGTAAGGACCAGTGCCCACAGGAGCTCTAACGCTTGCCTGCCACGT 4741 
TTGGGTGAACTGGTGTTCTCCAGCAGCCAGAGTTTTCCATGTCCACCCGCCTGCAAGCTCCTGGCTGTTCATCGCTGTGCTCTGTGTCTC 4831 
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CCTGCCAACACAATCCATACCAACACAATCCTGCGCCCTGCAG C CAG GAG TAT GGC GGC TCC GAG ATC CGC CCC GAG 4908 

OEYGGSEIRPE 
GCC ACC GGC TAC GGC GCC GTG CTG TTT GTG GAG AAC GTG CTG AAG GAC AAG GGC GAG AGC CTC AAG GT 4976 

A T GYG AVL FVENVLKD K G E S L K 
GCAGCTATATGCCTTGGTTGTGCTGCCCTTGGCAGCAGTGAAGGCTGCGATGGTCTTTCACCTGAACTTTCAACGTACCAGCATGCGCAC 5066 
ATGAGGTAGAGCACAGCCCAAACTGCTCAGAACGTCCGCCTGCCAAGTTCTTTCTTCCATCCACACCCCACACACCTGTGCAG GGC 5 1 52 

G 

AAG CGC TGC CTG GTG TCT GGC GCG GGC AAC GTG GCC CAG TAC TGC GCG GAG CTG CTG CTG GAG AAG 5218 
KRCLVSGAGNVAQYCAELLLEK 

GGC-GCC-ATO OTQ CTQ- TCQ-Cf fl-TCC— QAC-- T -CC-C-Aft- 6Se- T AC-& T 6- T AC-GAfl-frTS E G6T T WA&A T C T bbbLLA I I -h 3292 
GAIVLSLS D S Q 6 Y V T E 



rrnrmXTUTCTTCTTCTCn AEAEC T ACCT AATCAACCATAfiCT tTfiC T fiTiSC Yctf fificYCfaSftCCYM YCACfcCfl YCAAdCACCACCG 
CCCCTCCCCACCCCCTTTTCATTTTTCCCGCAG CCC AAC GGC TTC ACG CGC GAG CAG CTG CAG GCG GTG CAG GAC 5547 

PNGFTREQLQAVQO 
ATG AAG AAG AAG AAC AAC AGC GCC CGC ATC TCC GAG TAC AAG GACAGTGATGACCGGTCCAGGAAACAAGTTGCAC 5623 

MKKKNNSAR I SEYK 
ATGTCGTCTAGAAGGTCCCTGCCGCCGACACAGCAGCCGCGCCTGGGCTGCCGCTGCTTCGATAGCACCACCCACCCCTGCCGCCCCATC 5713 
TCCTGCCTGCACTGCACCTTCCCATTTTGCCCACTAGCCACTGCTCACTCGAGTTCTCAACTGTCACTTGCAATTTTCTCTCTGCTTGCA 5803 
G AGC GAC ACC GCC GTG TAT GTG GGC GAC CGC CGC AAG CCT TGG GAG CTG GAC TGC CAG GTG GAC ATC 5870 

SDTAVYVGORRKPWELDCQVDI 
GCC TTC CCC TGC GCC ACC CAG GTGCGCAGCCAGACTGGCTTGCATGCAACGCATCAAATGTCTCAAGGTTTGCCTGCAAGTGC 5953 

A F P C A T 0 
TCTAAGCCCTGTCAGAACTTTTTACAAGCAGCATGGCAGTGGAGGTGGTGAGGGCGACGTCCTGCACCGTTTCCTCAATGCCGCCGTGCC 6043 
CCGGCTCTCTTGCCCTGTATGCAG AAC GAG ATC GAT GAG CAC GAC GCC GAG CTG CTG ATC AAG CAC GGC TGC 6115 

NEIDEHDAELLIKHGC 
CAG TAC GTG GTG GAG GGC GCC AAC ATG CCC TCC ACC AAC GAG GCC ATC CAC AAG TAC AAC AAG GTGGCG 6184 

QYVVEGANMPSTNEA! HKYNK 
CTGCCTATACGAAGAATGTATTCCACTTGATGTTCAATACAGGGCGGGTGTTCAGAAACTAGGCGTGCCGCGAGGCCGTCCACAAGTACA 6274 
ACAAGTGGGCGGTGGCTGCGAAGTTAGTTCTTAATCAAGGGCTGGTATGCTGTGCTGCACCAACGAGGCCATCCACAAGTACAACAAGGT 6364 
GGGCCTGTTTTGAGCTTGCTGACAAGCTAGCCTCCCGACAGCTCTCCGGGTTGCGAGTTCCCAGCTGCTGCCTTCCGCAGTCTTTGGGAC 6454 
CACGTGCGCCACCCACCCACCCATGTTTCTCCCGCACACATACTGCTCAGTACACACTTGCAGCTCCATGCAACCCAGCCTCTTTGCTGC 6544 
CCCACCCTTCCCTCTCCCTGCCTCCGCGTCGCGCAG GCC GGC ATC ATC TAC TGC CCC GGC AAG GCG GCC AAC GCC * 6619 

AGIIYCPGKAAMA-i 
GGC GGC GTG GCG GTC AGC GGC CTG GAG ATG ACC CAG AAC CGC ATG GTGAGCGTGGCATGATTTCCCTGCTTGTCA 6694 

GGVAVSGLEMTONRM 
GGGCTTGCAGTATAAGCTGAAGAAACGAAGTGGTCTGCAGTCAGCAGCCTGCAGATGACCCAGAGCCGCATGGTGAGGAGGGCAGGGGCT 6784 
GTTAACTGGGAGCAGCCTCAGCGACGCCCAGTGCTGGTGCTTTGTTCCTCGTGCACCTCAGCTGCTGCAACTTTGTGAGCGCATCGCCCT 6874 
GAACCGCCACAACTGCCTGCGCCTGCCCTGCCGCAG AGC CTG AAC TGG ACT CGC GAG GAG GTT CGC GAC AAG CTG 6949 

SLNWTREEVRDKL' 
GAG CGC ATC ATG AAG GTGAGGGCTGATTGTGCGGCTATCACAGTGCAACCACGCAAGCTGGAGCGCATCATGAAGGTGAGGGCTG 7034 

E R I M K 

ATTGTGCGGCTATCACAGTGCAACCACGCTCGTCATGGGCCTTGCGCGCCTCGCCCGTCGCGACTCGGCTGAAGTCGCTGCGGAAGCCGC 7124 
CTTCGAGGAGGAAAGCCTGCGCCTTCGTCACGGCTCGCACTGCTTCCTTTCCCTCCACAGGACATCTACGACTCGCCATGGGCGCCTTTT 7214 
GCAGGACAACCCATTCCGTTCACAACACTCAGCAACCCTGCCCTCATTCTTCTTCATCCCCGCAG GAC ATC TAC GAC TCC GCC 7297 

D I Y D S A 

ATG GGG CCG TCC CGC GAG TAC AAT GTT GAC CTG GCT G GTGAGTGCCTGGCTGTGCAGACAGACACGACACTTGTAAA 7374 

MGPSREYNVDLA 
CTCAGTTTTTTCATTCTAGCCTGCCGCCGTTTCTGCCGGCCAGGATTGGCTTTGATGATCGCTCTGCCCTGAGTAGCTAGTAGCCAGTTG 7464 
CCCGGCAGCTATTGCCCCCCTGCCTGCTGTAGCTGTCTGCTGCCTGCGGTGCTGGTGTGCATGGAGCACCCACCGCAAAGCTCAAACGCC 7554 
TGCGGTTGGTGGGCGCATGCTGTGCTTGCGGTGCTGCCCATCCGCCCTTGCGTTGCCACCCTGCTCACCCTGCTCACCCTGCCCCGCCTG 7644 
CCCCCTCCCCCCGTCCTCCCAATTCTACAG CG GGC GCC AAC ATC GCG G GTGAGTTGGATTGGGGGGAGTTGTGCACACTGCT 7726 

A G A N I A 

GAAACGTGCAACGAGCACTGCTGCCTGTGCACTGCTGGCGCTGTTTTGGCACGATATGCTGCATTGCTGGTTGCCCGTCCTCAACTGTTG 7816 
CAAGAGAGTGGCAGCTTGAACCGCCAATGCAGCGAAATGGTCGCGCACCCGCCTATTTGTGGCTTACGTTGCATTCCTCTCTCCGCTGCC 7906 
TGCAG GC TTC ACC AAG GTG GCT GAT GCC GTC AAG GCC CAG GGC GCT GTT TAA GCTGCCCAGGCCCAAGCCACG 7979 

GFTKVADAVKAQGAV* 
GCTCACCGGCAATCCAACCCAACCAACTCAACGGCCAGGACCTTTTCGGAAGCGGCGCCTTTTTCCCAGCCAGGGCCCTCACCTGCCCTT 8069 
TCATAACCCTGCTATTGCCGCCGTGCCCCTGCAATTCCACCCCAAGAAGAACTAGCGGCACTTGACTGCATCAGGACGGCTATTTTTTTC 8159 
GCGACGCGCGCTCACCCCGAGAGCCTCTCTCCCCCGAGCCCTAAGCGCTGACGTCCGCCCGACTTTGCCTCGCACATCGCTCGGTTTTGA 8249 
CCCCCTCCAGTCTACCCACCCTGTTGTGAAGCCTACCAGCTCAATTGCCTTTTAGTGTATGTGCGCCCCCTCCTGCCCCCGAATTTTCCT 8339 
GCCATGAGACGTGCGGTTCCTAGCCTGGTGACCCCAAGTAGCAGTTAGTGTGCGTGCCTTGCCCTGCGCTGCCCGGGATGCGATACTGTG 8429 
ACCTGAGAGTGCTTGTGTAAACACGACGAGTC TGATCACCCGGTGCTTGGTGCACAAGCAGGGCATTGGAGCAGGGCAGCGGATCTGGAC 8518 
TCCAGACTGGAGACGGCGGCCGCCGCCAGGTCAGCAGCCGGAAAACGCACCCGGAAAACTAGATCCCGAGCGCCTGGGCCGCTGCGCGCC 8608 
GCATTTACAGTTCCAGACCCAGTCAGATCACCCAGGGCATCCACCAGCCACTGCAAAGCGGTTGCACAGCGGCTCGGCTCGATGGCGCCG 8698 
CAATGGCAGGCCCGCGCTACGAGCCCGCTGCCTGATCCTAGCTGCTGCCGTGGCTGTTTGCCGTGTGCCGCTGAAGGTGCCGACCGCACG 8788 
CCCGGGCGAGTGCTGGGACACGTGACGCGCGAGCTCAAGGCCTCCGAGCTGCCGGGCAAGGTAAGCGGAGCGTGTAAAAGATGGCTGGTA 8878 
CTGCTGTTGACCCGATCCGCCCTGCTCGCGCGGGCCAGCACCACCCCTGCGTGCCGCCAACCTCACCCGCGCCGTGCCGCTCTGCCCCTC 8968 
CGATTTCTGCTGCAGGATATGGCCTGATCTTCTATGGAGACAGCATCACGGAGAGCCTGCGTGGCACAGACAAGTGCCGCGACGTCTGCC 9058 
TGAAGAGTAAGACGCGGTCCTCCTGCAAAGGCATTCCTGAGGTGCGCGAGCACGAGGGCCGCCACTCCTGCCGAATGGTTGCTACACATT 9148 
GCATCGGCAGGGGTGGATTGGTTCATGGGCAGCCACTTCTTTCAGCTTCATAACTTTGCAACCAGTTTCCATGATCGCCGTCGTGCCGCC 9238 
GCCGCATCCGCCGCTCTCCTGCCCGCTTGCCGATACGCCTTTCTGGGCCCCCGCTTACCGCACTGTGACCGAAGGTCCTGCAAAAGTACT 9328 
TTGGCGCCTACCGCCCGGGTGTGATGGGCATGTCCATGGATGAGTCGGCCCACCTGCTGTGGCGCCTGCAGAACGGCCAGATCCCCCGCG 9418 
TCAACCAGGTGAGCGCGCACAGGCAGTGCAGCGCAGGCAGCACAGCGCACGACATAGTGCAGCAGCGGCAGACTGGACGGGCCAACTGTC 9508 
TGCCTGCGGTCTGCACTGGTGGGGCCAACTGCGTCTTCTGCGCCATGCCTTCAGCCAGGAATAGCACATGCTCCTTCGCCCTGCCTGCAG 9598 
CCCAAGACAGTTGTGCTGAACATCGGCACCAACGACCTCACCAACTGCCGTGGAGCGCGAAGAACGCCCAGAAGAAGCAGGCGGCCATCA 9688 
ACAAAGAAATCCCGGGGATCGTGGGCCGGTGAGCTGGGCGGTGGGGCATTCGCATGAACATGCATATCCTGGCTGCCACAGCGTGCCGCA 9778 
TGCTATGTTGGGTGGGTCCACGGCAGTTGGCCGCTCGGTGCCGCTGGTGCATGCTGTGTGGGAGGGGAAGCTGCCTCGGTGTGACCTGAA 9868 
GCTT 9872 
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The overall goal of this research is to replace the gene(s) for glutamine synthetase/GOGAT, the 
principal system for ammonia assimilation in higher plants, with the gene for the high NH** 
affinity isozyme of glutamate dehydrogenase. The P.I. has had considerable experience with 
this latter gene/enzyme system and the proposed research will certainly break new ground which 
could lead to more "energy efficient" plants. At this stage, the proposed research could be 
classified as high risk but the potential payoff in terms of development of plant biotechnology 
could be considerable. One could question the basic premise of the research - ie., that plant 
productivity and growth efficiency could be enhanced by the replacement of GS/GOGAT with 
GDH but its the kind of question that can't be answered until the work has been done. In light 
of the P.I.'s previous record and background, the probability of useful information and advances 
in our knowledge of plant molecular biology as it relates to the important process of nitrogen 
assimilation coming from the proposed research is quite good. It will also serve as a fertile 
training environment for future plant molecular biologists. I would therefore recommend 
funding with a high priority (very good/excellent) but for a three year period (rather than 4 
years) to allow early evaluation of research progress. The proposed budget appears to be 
appropriate and well justified. 
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evaluate a reason for the Chlorella GDH's low Km for ammonium relative to the high Km of other GDH's. 
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The PI proposes to isolate an Arabidoosis mutant lacking the GS/GCGA. 
system for ammonia assimilation and transform the mutant with a J" 
Chlorella that encodes a. chloroplastic giutamate dehydrogenase^ The P ; P^P°ses 
to conduct transformation with several different constructs that have: ) various 
Voters, including the native Chlorella promoter 2) genomic clones containing 
?ntrons or cDNA clones with introns removed, 31 various transit peptides, 
including the native Chlorella transit peptide. 

This is a rather novel proposal that has some attractive features to it, 
but also has some potential problems. The basic idea is ^re 
ie'.. replace one ammonia assimilation pathway with a theoretically more 
effluent one and see if the plant profits from this new pathway. On. potential 
problem is that the Arabidoosis mutant lacking GS has not yet been .produced, 
should be possible to generate such a mutant (one has been isolated in -barley) 
and the proposed scheme seems reasonable. However, the screen condwted by 
Somervilie was quite exhaustive and there may be some reason ^t a GS mutan t w as 
not found among the many different mutants that show differential growth ^at h £ 
CO, Because this is a critical step and the entire project is td ed »n il Ju 
mutant can be isolated it would have been reassuring if it were already 
available. 

By trying all the different constructs, the project should yield some 
int»rostin- insights into the practical aspects of getting a foreign gen. 

i^and getting the gene product transported into chloroplasts . Howeve . 
U - also a problem in that it greatly incraweo the numoer of Gxf.eren. 
irJsf-.ma-lons that need to be conduced and the work lo ^/%"" p y = 1 ;J*:; 
these different transgenic plants. Thus. I wouiu suggest the PI shouxQ 
Prioritize the different transformations that will be conducted and analyzed 
Despite these reservations, I think, the overall proposal is a novel one and 
worthy of serious consideration for funding. 
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Please evaluate this proposal using the criteria presented oh The back o f th i s r eview furm. Cunlinub ? un additional 
sheet(s) as necessary. 

The basic premise of this proposal is sound. ^he PI in reads to improve the 
efficiency of ammonium assimilation in Arabidopsis by replacing the "3/ GOAY 71 pathway 
with an TADr 5 — t'TDII sene from Chiorella . This netabolic chance will save one -ITT per 
ammonium molecule assimilated and may improve the overall ^nercy ef f icicr.cy of the 
plant, "his is a proposal where the benefits of success exceed the risks involve.-. 

One pro bier, is whether the Chlor alia £ene will hs expressed ir- Arabidopsis and 
whether the peptide will be imported into the chloroplast of Arabidopsis . These are 
the most risky features of this proposal, "lowever, the 71 Is aware of: these problems 
and intends to examine then fully. 

The double mutant described in this proposal may have other mutations that will 
mah.e any analysis with the mutant difficult. According to the strategy described, a 
HO GAT mutant Cob tained from nr. Somnerville C^U 254) will be crossed with a 03 mutant 
prepared in the sane maimer in the Pi's laboratory. Both mutants were or will be 
obtained by ;T-5 mutagenesis. The resulting progeny will contai:i "V'A that has been 
exposed to two rounds of v ,:-3 mutagenesis. T h' 
are as near normal as possible except for the 
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hespite these problems, I am very interested in the result.- . This is an 
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This proposal begins with the premise that C-3 plants expend a large amount of energy (both ATP and 
reducing power) refixing ammonium released in photorespiration. Is this really true? I doubt that the 
amount of energy expended refixing ammonium released in photorespiration relative to the total utilized 
during the life of a leaf is very large. If one considers that "physiological quantum requirements" for C0 2 
fixation in C-3 plants (approximately 21 photons/mol carbon, measured by McCree, 1972, for 1 8 species) 
are a lr eady greate r man t ne-amaun i eaieuia r efl- i o ^^^^^^^^^^mmm^^. 
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= btocherrriuart path ways and assuu i pi i uns abuul H i m ainuunt uf udibun muviny into the G-2° o xiciation 
pathway), it seems unlikely that reducing the amount of ATP required for ammonium refixation by 1 
ATP/NH 4 + would have much impact on overall growth of a whole plant. At best, it appears that this might 
reduce the-eoergy requirement by 5%, but if the plant can generate excess ATP (as many investigators feel 
it can), one would be hard pressed to find a method to evaluate this small of a change in the energy 
requirement for growth of whole plants. This is especially true if one considers the variation in plant 
respiration due to temperature changes, which would indicate that plants do not and cannot maintain a 
very tight relationship between growth and availability of ATP. However, it is clear that if plants are gpfcuan 
in sufficiently high concentrations of C0 2 , such that photorespiration is completely repressed, yields are 
greater (for example, in experiments done with soybeans at DuPont in the 1970's where bean yield was 
shown to increase by 20 to 30% in high CO2). However, completely repressing photorespiration virtually 
halves the energy required for fixing 1 CO2, when calculated by analysis of biochemical pathways. Hence, 
I challenge the basic premise of this proposal: is the hypothesis that reducing the amount of energy 
required for refixation of ammonium generated in photorespiration by 1 ATP would have an impact on plant 
growth, testable? I seriously doubt it! 

The Pi's idea that this can be tested by generating mutants of Arabidopsis which are deficient in both 
GOGAT and chloroplastic GS, followed by transformation with Chlorella chloroplastic GDH and studies of 
the transgenic plants to determine if they grow better than wild-type plants with normal GS/GOGAT 
pathway, has many barriers to overcome before the basic hypothesis can be tested. First, double mutants 
in both GS and GOGAT must be generated. This seems possible since Peter Lea did it with barley. 
However, Somerville did not find these double mutants in his extensive studies of Arabidopsis 
photorespiratory mutants. Second, it is not clear if the Chlorella GDH will act the same way in the higher 
plant chloroplast as it does in the algal organelle. The PI describes some of the necessary experiments to 
determine if the Chlorella GDH can even be targeted to the Arabidopsis chloroplast, which may involve 
extensive modification of the GDH gene. However, it does seem possible to carry out these modifications 
and get the enzyme to go into the chloroplast of the transgenic plants (if they can be generated). Third, 
very exacting studies of plant growth and production must be carried out to determine if the presence of 
chloroplastic GDH will have any impact. It is not at all clear that chloroplastic GDH would allow the plants 
to grow under normal air conditions (since the mutants would require a high CO2 atmosphere for growth). 

Overall, there are many uncertainties surrounding the proposed study. The PI has very little experience 
with a number of the experimental protocols that would be required. The prognosis for gaining significant 
insight into how to make more efficient plants with reduced energy requirement for photorespiration is very 
poor. I suggest that the PI first propose to work out how to get Chlorella GDH into the chloroplast of any 
plant (ie. make transgenic plants with this enzyme targeted to their chloroplasts) and determine if a GDH 
with properties like those found in Chlorella can be isolated and characterized from the transgenic plants. 
Thus, I would suggest turning around the objectives of the proposal and showing that Chlorella GDH will 
really function in higher plants, before attempting to go after Arabidopsis double mutants. My guess is that 
if he can demonstrate functionality of Chlorella GDH in higher plant chloroplasts, that some one with more 
experience with generating mutants of Arabidopsis could be attracted as a collaborator to help out with 
making the double mutant necessary to test this far-fetched hypothesis. Let me make it clear that I think 
there are some worthwhile reasons to try to express the Chlorella GDH in a higher plant chloroplast, but I 
don't think that trying to determine if that has an impact on energy required for photorespiration is one of 
them. It may also be very worthwhile to try to express Chlorella GDH in E. coli in order to produce large 
amounts so that the enzyme could be crystallized and its structure compared to other GDH forms to try to 
evaluate a reason for the Chlorella GDH's low Km for ammonium relative to the high Km of other GDH's. 
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is providing the certifications set out below. 

2. The certification set out below is a material representation of fact upon which reliance was placed when the agency determined 
to award the grant. If it is later determined that the grantee knowingly rendered a false certification, or otherwise violates the 
requirements of the Drug-Free Workplace Act, the agency, in addidon to any other remedies available to the Federal Government, 
may take action authorized under the Drug-Free Workplace Act. 



5. F6t gttnteea other than individualsrAltemate 1 applies. 




Certification Regarding Drug-Free Workplace Requirements 
Alternate I (Grantees Other Than Individuals) 

The grantee certifies that it will or will continue to provide a drug-free workplace by: 

(a) Publishing a statement notifying employees that the unlawful manufacture, distribution, dispensing, possession or use of a 
controlled substance is prohibited in the grantee's workplace and specifying the actions that will be taken against employees for 
violation of such prohibition: 

(b) Establishing an ongoing drug-free awareness program to inform employees about — 

(1) The dangers of drug abuse in the workplace; 

(2) The grantee's policy of maintaining a drag-free workplace; 

(3) Any available drug counseling, rehabilitation and employee assistance programs: and 

(4) The penalties that may be imposed upon employees for drug abuse violations occurring in the workplace: 

^c) Making it a requirement that each employee to be engaged in the performance of the grant be given a copy of the statement 
required by paragraph (a); 

(d) Notifying the employee in the statement required by paragraph (a) that, as a condition of employment under the grant, the 
employee will — 

(1) Abide by the terms of the statement; and 

(2) Notify the employer in writing of his or her conviction for a violation of a criminal drug statute occurring in the 
workplace no later than five calendar days after such conviction: 

(e) Notifying the agency in writing, within 10 calendar days after receiving notice under subparagraph (d)(2) from an employee 
or otherwise receiving actual notice of such conviction. 

Employers of convicted employees must provide notice, including position, title, to every grant officer or other designee on 
whose grant activity the convicted employee was working, unless the Federal agency has designated a central point for the receipt 
of such notices. Notice shall include the identification numbers) of each affected grant; 

(0 Taking one of the following actions, within 30 calendar days of receiving notice under subparagraph (d)(2), with respect to 
any employee who is so convicted — 

(1) Taking appropriate personnel action against such an employee, up to and including termination, consistent with the 
requirements of the Rehabilitation Act of 1973, as amended; or 

(2) Requiring such employee to participate satisfactorily in a drug abuse assistance or rehabilitation program approved for 
such purposes by a Federal, State, or local health, law enforcement, or other appropriate agency; 

(g) Making a good faith effort to continue to maintain a drug-free workplace through implementation of paragraphs (a), (b), (c), 
(d) f (e)and(f). 

Alternate II (Grantees Who Are Individuals) 

(a) The grantee certifies that, as a condition of the grant, he or she will not engage in the unlawful manufacture, distribution, 
dispensing, possession or use of a controlled substance in conducting any activity with die grant. 

(b) If convicted of a criminal drug offense resulting from a violation occurring during the conduct of any grant activity, he or 
she will report the conviction, in writing, within 10 calendar days of the conviction, to every grant officer or other designee, 
unless the Federal agency designates a central point for the receipt of such notices. When notice is made to such a central point, 
it shall include the identification numbers) of each affected grant. 

(For NSF, grantee notification should be made to the Award Management and Oversight Branch. Division of Grants and 
Contracts, NSF, Washington, DC 20550) 
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award of a Federal loan or a commitment providing for the United States to insure or guarantee a loan exceeding 5150,000. 



Ceraficauon ror Contracts, Grantsj Loans, and Cooperative Agreements 
The undersigned* certifies, to the best of his or her knowledge and belief, than 

(1) No Federal appropriated funds have been paid or will be paid, by or on behalf of the undersigned,* to any person for 
influencing or attempting to influence an officer or employee of any agency, a Member of Congress, an officer or employee of 
Congress, or an employee of a Member of Congress in connection with the awarding of any federal contract, the making of any 
Federal grant, the making of any Federal loan, the entering into of any cooperarive agreement, and the extension, continuation, 
renewal, amendment, or modification of any Federal contract, grant, loan, or cooperative agreement. 

(2) If any funds other than Federal appropriated funds have been paid or will be paid to any person for influencing or attempting 
to influence an officer or employee of any agency, a Member of Congress, an officer or employee of Congress, or an employee 
of a Member of Congress in connection with this Federal contract, grant, loan, or cooperative agreement, the undersigned* shall 
complete and submit Standard Form-LLL, "Disclosure Form to Report Lobbying,** in accordance with its instructions. 

(3) The undersigned* shall require that the language of this certification be included in the award documents for all subawards 
at all tiers (including subcontracts, subgrants, and contracts under grants, loans, and cooperative agreements) and that all 
subrecipients shall certify and disclose accordingly. 

This cemficanon is a material representation of fact upon which reliance was placed when this transaction was made or entered 
into. Submission of this certification is a prerequisite for making or entering imo this transaction imposed by section 1352, title 
31, U.S. Code, Any person who fails to file the required certification shall be subject to a civil penalty of not less than SI 0,000 
and not more than S 1 00,000 for each such failure. 

Statement for Loan Guarantees and Loan Insurance 

The undersigned* states, to the best of his or her knowledge and belief, that: 

If any funds have been paid or will be paid to any person for influencing or attempting to influence an officer or employee of 
any agency, a Member of Congress, an officer or employee of Congress, or an employee of a Member of Congress in connection 
with this commitment providing for the United States to insure or guarantee a loan, the undersigned* shall complete and submit 
Standard Form-LLL, "Disclosure Form to Report Lobbying," in accordance with its instructions. 

Submission of this statement is a prerequisite for making or entering into this transaction imposed by section 1352, tide 31, U.S. 
Code. Any person who fails to file the required statement shall be subject to a civil penalty of not less than 510,000 and not 
more than $ 1 00,000 for each such fail ure. 



*By signing the Cover Sheet and submitting this page as part of the proposal, the applicant is providing Certification Regarding 
Lobbying. 
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PROJECT SUMMARY 



Under photorespiratory conditions, C3 plants expend a large amount of ATP/reducing 
equivalents for net assimilation and reassimilation of NH 4 * by the chloroplastic glutamine 
synthetase/glutamate synthase (GS/GOGAT) pathway. Chemical mutagenesis and 
Agrobacterium i m e diated tT^nsform-atio^ ot ^Arabidopgis ^wilLbe - used ... to repl a ce,, its. 



GDH) which has a high Nh 4 ' amnity! ine cuina ana nuclear gene, encoamg ffie" 
precursor-protein for this enzyme, will be inserted into a binary vector for transformation 
of root explants which will be regenerated into plants. NADP-GDH cDNA/gene constructs 
will be placed under the control of homologous or heterologous promoters. Chloroplast 
transit-peptides from Chlorella and Arabidopsis will be tested for their abilities to direct the 
import of the precursor-protein into Arabidopsis chloroplasts. Constructs are also designed 
to determine if the precursor-mRNA transcript from the NADP-GDH gene (with many 
introns) will be processed correctly. Transgenic plants expressing NADP-GDH activity will 
be analyzed to ascertain whether an increase in efficiency of NH 4 * assimilation is translated 
into a net gain in plant productivity. 
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PROJECT DESCRIPTION 

A. Objectives 

1. To use a combination of chemical mutagenesis and Agrobacterium -rnediated 
transformation of Arabidopsis thaliana to replace its chioroplastic glutamine 



^bl'oroprasQe^MADD'spccific^ — glutamate — dehydrogenase— fNAJ^P-GDLK — 



homohexamer which has a very high affinity for NH 4 *. 

2. To determine whether this pathway replacement will improve the energy efficiency 
of NH 4 * assimilation/reassimilation in a C3 plant under photorespiratory conditions 
by saving one ATP for every NH 4 * incorporated into glutamate. 

3. To provide comparative biochemistry/molepular biology data on the ability of 
gene/cDNA (and associated intron splice-sites, regulatory regions, etc.) and the 
chloroplast transit peptide sequence from a lower eukaryotic plant cell to be 
expressed or function in a higher plant. 

B. Background, Significance, Progress 

In chloroplasts of C3 higher plants (e.g., Arabidopsis ) GS and ferredoxin-dependerit 
GOGAT function together in the biosynthesis of glutamate from NH 4 * produced (i) by 
reduction of N0 3 " absorbed from the soil, and (ii) from deamination/decarboxylation 
of glycine during photorespiration (Fig. 1A). The primary route of inorganic nitrogen 
into organic nitrogen metabolism in higher plants is via transamination of the a-amino 
group of glutamate (synthesized by the GS /GOGAT pathway) to a-keto acids (1,2). 
Ammonium assimilation and reassimilation require a very large expenditure of ATP and 
reducing equivalents, particularly under photorespiratory conditions (3-5). This ATP 
expenditure becomes even greater as the nitrogen nutrition of the plant is increased. We 
have observed (unpublished data) that total GS activity in certain C 4 grasses can increase 
more than three-fold as the concentration of N0 3 " or NH 4 + in the nutrient medium is 
increased from 1 mM to 20 mM. 



There appears to be a major difference between some lower organisms and higher 
plants in how they regulate NH 4 + assimilation and the utilization of ATP for this process, 
particularly at high nitrogen levels. At high NH 4 * levels, many bacteria, fungi, and green 
algae repress/inhibit the GS/GOGAT pathway and induce a NADP-GDH (6,7) to 
incorporate NH 4 * into organic nitrogen metabolism via glutamate (Fig. IB). By use of 
this alternate route instead of the GS/GOGAT pathway, one ATP is saved for every 
glutamate synthesized, thereby making nitrogen assimilation more energy efficient at 
high nitrogen levels. Most higher plants do not have an NH 4 * inducible NADP-GDH 
and therefore assimilate NH 4 * by the GS/GOGAT pathway regardless of the level of 
nitrogen nutrition. Although most plants have a constitutive mitochondrial NAD-GDH 
and some have a chioroplastic NAD(P)-GDH, these GDHs (7) have low affinities for 
NH 4 * (K^ of 5-50 mM) compared to the plant GS isoenzymes which have very high 
affinities for NH 4 * (K^ of 0.01-0.02 mM). One experimental approach for possibly 
increasing the efficiency of NH 4 * assimilation/reassimilation in higher plants is to replace 
the chioroplastic GS/GOGAT pathway with a high affinity NADP-GDH from a lower 
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organism. 

Research in this laboratory has revealed that the unicellular green alga, Chlorella 
sorokiniana- has a constitutive, mitochondrial, tetrameric NAD-GDH (identical subunits, 
each 45,000 Da) and two NH 4 *-inducible chloroplastic, homohexameric NADP-GDH a- 
and ^-isoenzymes (subunits 55,500 or 53,000 Da, respectively) which have strikingly 
■different ■ affinities 




that a large (7-8 kb) nuclear gene (Fig. 2), containing at least 22 introns, encodes the 
chloroplastic a- and /J-subunits. 

When the a- and ^-isoenzymes are accumulating together in cells cultured in 29 miM 
NH 4 * medium, we can detect only a single-size (2.2 kb) NADP-GDH mRNA on 
Northern blots, using hybridization probes from the conserved amino-acid coding region 
or the 3 ' -untranslated region prepared from a 1.91 kb C. sorokiniana NADP-GDH 
cDNA (Fig. 3 and 4). From a cDNA library that was prepared from total poly(A)*RNA, 
isolated from C. sorokiniana cells synthesizing a- and ^-isoenzymes, we selected 17 
NADP-GDH cDNAs which were restriction mapped and totally or partially sequenced 
(Fig. 3 B,C). All of these cDNAs have identical nucleotide sequences for the regions 
that overlap. A 2,146 bp consensus NADP-GDH restriction map is shown in Fig. 3 A. 
Beginning with the second nucleotide from the 5 ' -terminus of the. cDNA consensus 
nucleotide sequence, an open-reading-frame (ORF) was revealed which ends with a 
TAA stop-codon at 1,571 bp. This ORF encodes a protein with a molecular weight of 
57,401 which is almost the complete size (98%) of the NADP-GDH precursor-protein 
(58,500 D). This consensus cDNA is missing the 5 ' -untranslated region, the ATG start- 
codon, and part of the chloroplast transit-peptide sequence. However, if the a- and /3- 
subunits are encoded by differential processing of a precursor-protein derived from a 
single mRNA, this cDNA contains the sequences for both mature subunits. A 
comparison of the deduced amino-acid sequences of the conserved regions, in the 
NADP-GDH from C. sorokiniana, Escherichia coli . and Neurospora crassa . showed the 
alga NADP-GDH conserved sequence to be 77% and 73% homologous with the 
bacterial and fungal sequences, respectively (Fig. 4). The results from Southern blot 
analyses of digests of C sorokiniana genomic DNA with various restriction enzymes (e.g., 
PvjiII, Taq l. Ava il etc.) in which the conserved-region and 3 ' -untranslated region 
probes were used, are consistent with there being a single nuclear gene NADP-GDH 
gene (12-14). 

By use of a very specific polysome immunoselection procedure, coupled with 
oligo(dT) chromatography, we purified the NADP-GDH mRNA 1290-fold to apparent 
homogeneity from C. sorokiniana cells accumulating primarily the /3-homohexamer (35). 
In vitro translation of this purified mRNA produced a single protein with a molecular 
weight of 58,500 (35). In vitro translation of total poIy(A)*RNA, isolated from cells 
synthesizing primarily the a- or /3-homohexamer resulted in the synthesis of 58,500 Da 
precursor-protein(s) which were processed in vitro (by C sorokiniana extracts) to 55,500 
Da and 53,000 Da subunits (11,36). These two subunits have very similar peptide maps, 
and both can be immunoprecipitated by polyclonal antibodies prepared against one of 
the subunits, indicating that they have a high degree of sequence homology (11). 

We have determined (11) that below 3 mM NH 4 + in the culture medium only the a- 
homohexamer accumulates in the chloroplast. Above this NH 4 * concentration, both 
isoenzymes initially accumulate (i.e., 1 st 120 min), then accumulation of the a-subunit 



Best Available Copy 



ceases, and only the £-homohexamer continues to accumulate at long induction times 
(i.e., 3-12 h). From additional nitrogen nutrition studies in which the cells were 
subjected to rapid transitions between low and high NH 4 * concentrations, we concluded 
(11,13) that some type of feedback mechanism switches gene expression from synthesis 
of the a-subunit to the /3-subunit as intracellular nitrogen metabolite(s) reach a certain 
— — — -^--tkws^ 

~~~~ JNADf-GUH mRNA, or (ii) specific processing of two slightly different precursor- 
proteins which are derived from two similar size NADP-GDH mRNAs encoded by the 
same gene (e.g., two mRNAs produced by alternative splicing of a common precursor- 
NADP-GDH mRNA). The reason for being tentative, regarding the existence of one 
or two NADP-GDH mRNAs, is that 10 of the 17 NADP-GDH cDNAs which isolated 
are missing both their 3 ' - and 5 ' -terminal sequences (Fig. 3 B,C). In view of the large 
number of exons in the NADP-GDH gene (Fig. 2), with some of these exons being as 
small as 16 bp, it is possible that alternative splicing (16) of the precursor- mRNA could 
generate two mRNAs of nearly the same size with sequence differences, particularly in 
the region between the conserved region and the 3 ' -untranslated region. To determine 
whether or not all of the NADP-GDH mRNAs have identical 5' -termini, primer 
extension/anchor PCR (19) is being used with poly(A) + RNA isolated from cells 

T synthesizing either the a- or 0-homohexamer. For 3Merininal analysis, NADP-GDH 

cDNAs with complete 3 ' -termini are being isolated and sequenced from new cDNA 
libraries prepared with poly(A) + RNA from cells synthesizing either the a- or 0- 
homohexamer. These experiments are in progress and will be completed by the time 
this NSF proposal is funded. 

The G sorokiniana a-homohexamer has a very high affinity for NH 4 * (M r ranges 
between 0.02 mM and 3.5 mM) and is allosteric in that its NH 4 * K„ varies with NADPH 
concentration (11). Our search of the scientific literature has not revealed any other 
reports of a GDH with an NH 4 + as low as 0.02 mM. This NH 4 * falls into the 
range of those reported for higher plant GS isoenzymes (0.01 mM - 0.02 mM). In 
contrast, the /3-homohexamer has a low affinity for NH 4 * (M r = 75 mM) and is non- 
allosteric with respect to NADPH. When cells are synthesizing both a- and /?-subunits 
early during the induction period at high NH 4 + concentration, homo- and 
heterohexamers (i.e., 6a, 5a:l/J, 4a:20, 3a:3/3, 2a:4/3, la:5/?, and 6/3) accumulate within 
the chloroplast (37). These NADP-GDH heterohexamers presumably have NH 4 4 
values which fall between those of the two homohexamers (11). In addition to the 
process which controls the differential synthesis of the a- and /3-subunits, we have shown 
(20,21) that the levels/activities of the NADP-GDH holoenzymes are regulated by a Ca* 2 
and ATP dependent inactivation/degradation process involving covalent-modification of 
the subunits as an obligatory step to their degradation (see model, Fig. 5). 

It is the a-homohexamer which has potential use in higher plant biotechnology for 
increasing the energy efficiency of NH 4 * assimilation in food and biomass crops. Once 
the molecular mechanism is understood by which the NADP-GDH gene gives rise to a- 
and 0-subunits, the NADP-GDH cDNA and gene will be modified by in vitro 
mutagenesis so that only the a-isoenzyme can be synthesized in vivo in transgenic plants. 
The modified cDNA/gene will be used for the biotechnology application discussed 
below. The unmodified cDNA/gene also will be used in comparative 
biochemistry/molecular biology studies to determine whether a chloroplast transit- 
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peptide sequence, introns, etc from a lower plant will function or be processed, etc. in 
a higher plant. 

C. Experimental Plan and Methods 

Selection of Arabidopsis mutant(s) having both low GS activity and absence of GOGAT 
u ■ .activity^ ■ — - — - — — — m ±m u u u 

GOGaT or cnioropiastic US activities, respectively. These mutants were selected tor 
their ability to grow in atmospheres with elevated C0 2 levels (0.8 - 1.0%) but not in 
normal air. The basis of the mutant selection was that C0 2 competitively inhibits the 
oxygenase activity of ribulose bisphosphate carboxylase/oxygenase (Rubisco) which 
catalyzes the formation of phosphoglycollate, the first intermediate on the 
photorespiratory pathway. Because of the importance of both the chloroplastic GS and 
GOGAT in the reassimilation of NH 4 * produced during photorespiration, a deficiency 
in either of these enzymes leads to accumulation of NH 4 * in the leaves and rapid 
inhibition of photosynthesis after these mutants are transferred to air in the light. Under 
these photorespiratory conditions, the mutants become chlorotic within several days, and 
can be rescued by returning them to an elevated C0 2 atmosphere in the light. Since 
plants containing mutations in genes encoding some of the other enzymes in the 
photorespiratory pathway may also give the chlorotic phenotype under photorespiratory 
conditions, direct enzyme analysis (22) of leaf extracts is required to identify specific GS 
and GOGAT mutants. 

In leaves of wild-type C3 plants, such as barley and Arabidopsis. the chloroplastic GS 
isoenzyme has been shown (24) to represent a much higher percentage of the total GS 
activity than the cytosolic GS (approx. 85:15, respectively). The higher plant cytosolic 
and chloroplastic GS isoenzymes are encoded by different nuclear genes (25-28). 
Wallsgrove et al (23) isolated a barley mutant deficient in the chloroplastic GS but which 
still contained wild-type levels (i.e., approx. 17% of total GS activity in leaves) of the 
cytosolic GS. Under elevated C0 2 levels in the light, this barley mutant grew normally, 
indicating that the remaining wild-type activity of the cytosolic GS was sufficient to meet 
the glutamine requirement of the plant for biosynthesis of purines, pyrimidines, arginine, 
histidine, and tryptophan. However, when the mutant plant was placed under 
photorespiratory conditions, the cytosolic GS by itself was unable to reassimilate the 
large amount of NH 4 * produced during photorespiration. 

Although an Arabidopsis thaliana (Columbia ecotype) GOGAT mutant (GluS) has 
been isolated by Somerville and Ogren (22), neither cytosolic nor chloroplastic GS 
mutants have been isolated yet for this plant. Dr. C. Somerville (Michigan State 
University) has given us seed of his GOGAT mutant (GluS; MSU 254) for use in this 
project. However, we will have to isolate Arabidopsis mutants which contain wild-type 
cytosolic GS activity and are deficient (0-20%) in chloroplastic GS activity. When these 
chloroplastic GS mutants (homozygous) are isolated, they will be crossed with the 
GOGAT mutant. From the resulting progeny, a double-mutant homozygous for both the 
GOGAT and chloroplastic GS mutations will be isolated. This double mutant is 
required for the development of a transgenic plant in which the biosynthesis of glutamate 
in the chloroplast will occur via the NADP-GDH a-homohexamer (introduced from 
Chlorella ^ instead of the GS/GOGAT pathway (Fig. 1C). Somerville and Ogren (22) 
observed that, in the Arabidopsis GOGAT mutant under photorespiratory conditions, 
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the chloroplastic GS rapidly converted free glutamate to glutamine, resulting in the 
deprivation of free glutamate for use in biosynthesis of the other amino acids. Thus, 
unless the wild-type level of the chloroplastic GS js low or absent in the transgenic plant, 
the glutamate synthesized by the NADP-GDH may be rapidly converted to glutamine, 
resulting in a shrinkage in the pool of available glutamate normally used in transaminase 



or glutamate into the carbon skeletons of amino acid precursors. 

We will select Arabidopsis GS mutants by the same procedure described by 
Somerville and Ogren (22) and Estelle and Somerville (29) to isolate their GOGAT 
mutant (GluS, MSU 254). Mutagenesis will be accomplished by soaking seeds in a 03% 
solution of ethyl methane -sulfonate. This treatment will induce heterozygous mutations 
in some of the cells which will give rise to the reproductive structure of the plant This 
Ml generation will be cultured to maturity in normal air under fluorescent lamps, 
allowed to self-fertilize, and the seed will be collected. The seed will be germinated at 
high densities in the light under an atmosphere of 1% C0 2 -air, and these M2 progeny 
will be screened by placing them into normal air for 3-4 days. The plants which show 
chlorosis will be identified and returned to the high-C0 2 environmental growth chamber 
and allowed to self-fertilize and produce seed. The seed from each M2 plant then will 
be germinated separately in the high-C0 2 atmosphere, transferred to normal-air to 
identify homozygous mutant progeny, and then returned to the high-C0 2 atmosphere for 
recovery and further growth. After a suitable recovery time from chlorosis, extracts will 
be prepared from the leaves of these M3 progeny and will be analyzed for total GS 
activity. When extracts having low total GS activity are identified, these will be further 
analyzed by ion-exchange chromatography in a Pharmacia FPLC (analytical Mono Q 
column, NaCl gradient) to determine the ratio of activities of the cytosolic and 
chloroplastic GS isoenzymes. Those mutants which have a wild-type level of the 
cytosolic GS, and are deficient (0-20%) the chloroplastic GS, will be allowed to self- 
fertilize and their seed will be collected. Progeny from these seed will be used in crosses 
with the GOGAT mutant to produce the chloroplastic GS/GOGAT double-mutants as 
discussed above. 



Agrobacterium-mediated transformation of Arabidopsis 

Several types of binary Ti plasmid vectors have been used for the Agrobacteriu fn - 
mediated transformation of the different ecotypes of Arabidopsis (30-34). In addition 
to their ability to replicate in both Agrobacterium and E. coli. these binary vectors 
usually have both left and right border repeats of the T-DNA region, a dominant marker 
gene (e.g., kanamycin or hygromycin B resistance), several unique restriction sites for 
insertion of foreign DNA between the T-DNA borders, and an antibiotic gene for 
maintenance in the resident bacterium (30). For the T-DNA region of the binary vector 
to be transferred into a plant cell, the Agrobacterium strain must also carry a helper Ti 
plasmid which provides the necessary transacting vir functions which are lacking in the 
binary vector. To prevent recombination with binary vectors, helper plasmids have had 
their T-DNA region deleted. 

Binary-vectors carrying the genes for kanamycin or hygromycin B resistance appear 
to vary in their effectiveness as selectable markers for use in isolation of transformed 
cells from the various Arabidopsis ecotypes. For example, the Columbia ecotype is 
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reported (31) to have some natural resistance to kanamycin whereas Wassilskija and 
Landsberg erecta are very sensitive to this antibiotic. For those ecotypes with some 
resistance to kanamycin, hygromycin B has proven to be an effective selectable marker. 
Feldmann and Marks (32) and Feldmann et al. (33) have successfully transformed 
Arabidopsis (ecotype Wassilskija) by germinating seeds in the presence of Agrobacterium 
^diiYmH-d- kanamvdn -resfeiani-binaiy~YgCI Or.~ "/though" im.T irmMfirmmnrrinef^ 

with various scientists) that transformation frequencies are often low and vary among 
different seed lots. Lloyd et al. (31) have transformed Arabidopsis (Columbia ecotype) 
by a modified leaf-disk, transformation/regeneration method using a binary vector 
encoding hygromycin B rather than kanamycin. Because uninfected control leaf-tissue 
of the Columbia ecotype also developed callus in the presence of kanamycin, this 
antibiotic was ineffective as a selecting agent with this ecotype in the leaf-disk method. 
However, with the hygromycin-resistant vector, approximately one-third of the original 
trans-formed leaf pieces survived the hygromycin selection-step and more than 50% of 
these generated shoots. Four months were required from the time of infection of leaf- 
tissue pieces with Agrobacterium until the collection of seed from the transformed 
plants. Valvekens et al. (34) have developed cultural conditions for inducing root- 
explants, of several Arabidopsis ecotypes, to generate shoots rapidly and at 100% 
efficiency. By use of this root-explant regeneration procedure, along with a Ti plasmid 
vector encoding kanamycin resistance, trans-formed seed-producing plants were obtained 
with an efficiency of 20-80% within 3-months after gene transfer. In addition to a 
shorter time to obtain seed from transformed tissue, this root explant 
transformation/regeneration method which employed kanamycin was successful with 
three different ecotypes (i.e., Columbia, Landberg erecta. and C24). This finding 
contrasts with the reported difficulties of the Columbia ecotype by the leaf-disk method 
discussed above (31). 

Because the Columbia ecotype was used to select the chloroplastic GOGAT mutant, 
which was obtained from Dr. Somerville, we initially plan to use the root explant 
transformation/regeneration method of Valvekens et al. (34) and a Ti plasmid binary 
vector carrying the kanamycin resistance gene. The binary vector system (GUS Gene 
Fusion Kit) will be purchased from Clontech Laboratories. This system utilizes A 
tumefaciens strain LBA4404 with its helper plasmid based on an octopine Ti plasmid, 
and several modified binary vectors: plasmid pBHOl (GUS cassette, no promoter), 
plasmid pBI121 (pBHOl with CaMV 35S promoter, and plasmid BI221 (pBI121 GUS 
cassette in pUC19). The kit also contains the conjugative plasmid RK2013 in HB101. 
The aforementioned binary vectors contain, between the right and left borders, the 
kanamycin resistance gene (npt II) which is driven and terminated by the nopaline 
synthase (NOS) promoter (NOS-pro) and terminator (NOS-ter), respectively. The 0- 
glucuronidase (GUS) gene in pBI121 is driven and terminated by the CaMV 35S 
promoter and the NOS-ter, respectively. The 3' and 5' termini of the CaMV 35S 
promoter and NOS-ter termini, respectively, have unique restriction sites which will 
permit excision of the GUS gene and its replacement with the Chlorella NADP-GDH 
cDNA or genomic DNA. To determine if the natural promoter of the Chlorella NADP- 
GDH gene can be expressed (without or with in vitro mutagenesis) in Arabidopsis. the 
"promoter-less" GUS cassette in pBHOl will be used. In this binary plasmid, the CaMV 
35S promoter has been deleted and a multicloning site has been inserted in its place 5' 
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to the GUS gene. Thus, various promoters (e.g., NADP-GDH promoter region) can be 
cloned upstream of GUS which can be used as a reporter gene. 

Analysis of expression of Chlorella NADP-GDH cDNA/genomic DNA in transgenic 
Arabidopsis plants 

^g^MZt^BS^^SSQ^SQinaB^^g li^farnied with the aforei 



DNA constructs: 

a. Full-length NADP-GDH cDNA carrying its own ATG start-codon, chloroplast 
transit-peptide sequence, and its 3'-terminus devoid of its poly(A)tail (i.e., the Nos-ter 
will provide the terminator/polyadenylation signal). 

b. The same cDNA (as a.) modified by replacement of the Chlorella chloroplast transit- 
peptide sequence with the equivalent higher plant sequence reported (38) for one of 
the four Arabidopsis Rubisco small subunit precursor-proteins (e.g., standard single- 
letter code for amino acids for transit-peptide AtB is 
MASSMLSSAAVVTSPAQATMVAITC 

SC). Alternatively, we will be screening an Arabidopsis cDNA library with a 
heterologous GS cDNA probe ( Phaseolus vulgaris ) to isolate the chloroplastic GS 
cDNA. In the event that the import and/or processing of precursor-proteins for 
stromal enzymes, involved in different aspects of chloroplast metabolism (e.g., carbon 
vs. nitrogen) is/are regulated in part by transit-peptides with sequences differences, 
it might be advantageous to use the transit-peptide sequence for the Arabidopsis 
chloroplastic GS instead of the one for the Rubisco small subunit. 

c. The same cDNA (as a.) without any chloroplast transit peptide sequence (i.e., the 
NADP-GDH will be targeted for the cytosol instead of the chloroplast). 

d. The entire NADP-GDH genomic DNA clone (gene) containing its natural promoter 
region, start codon, exons, introns, and termination/polyadenylation signal(s). 

e. Another related construct will be the NADP-GDH promoter region by itself. 

f. The same NADP-GDH gene (as d.) modified by deletion of its natural promoter 
region. 

The a., b., c, and f. constructs will be inserted into vector pBI121 between CaMV 
35S promoter and Nos-ter to replace the deleted GUS gene. The d. construct will be 
inserted into the "promoter-less" vector pBHOl to replace its GUS gene. The e. 
construct will be inserted into the "promoter-less" vector pBHOl in front of the GUS 
gene to determine whether the Chlorella promoter will be able to drive the GUS gene. 

Transformants from the root-explants initially will be identified by their kanamycin 
resistance, and regenerant plants will be allowed to self-fertilize and produce seed in a 
high-C0 2 lighted, environmental chamber. These seed will be germinated in the 
presence of kanamycin in a high C0 2 atmosphere and the antibiotic resistant progeny 
will be identified. These will be placed under photorespiratory conditions (light, normal 
air) to identify which plants remain green (if any) and those which become chlorotic. 
The plants which remain green will be allowed to self-fertilize and produce seed under 
photorespiratory conditions whereas the chlorotic plants will be returned to the high C0 2 
atmosphere for seed production. The seed from these plants will be germinated in the 
low or high C0 2 atmospheres and extracts of their leaves will be analyzed for NADP- 
GDH activity (spectrophotometrically), NADP-GDH anti-gen (Western blotting), NADP- 
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GDH mRNA (Northern blotting) and NADP-GDH DNA (Southern blotting). Assays 
will also be performed for total GS activity to verify that transformation did not alter the 
wild-type level of the cytosolic GS in the transgenic plant. To confirm that kanamycin 
resistance is conferred by neomycin phosphotransferase and not by some other 
mechanism in the transformants, assays for this activity will also be performed The 
- afoi^ieiiuwietf^ ■mRI^A.^ffld--BNAnvm-be particularly 

conditions. For example, if the Arabidopsis genome contains the intact NADP-GDH 
cDNA/gene and the plant does not accumulate active enzyme, it might be possible to 
identify the biochemical, step (i.e., transcription, translation, post-translation) that is 
limiting the accumulation of active NADP-GDH. If the transgenic plants (green or 
chlorotic) contain NADP-GDH antigen or activity, their chloroplasts will be isolated and 
analyzed to ascertain whether the antigen/activity is chloroplast localized. For the plants 
transformed with NADP-GDH cDNA without a chloroplast transit-peptide sequence, 
assays will be performed to show whether or not the NADP-GDH is accumulating in the 
cytosol. From a comparative biochemical/molecular biology viewpoint, the results from 
the aforementioned assays on the transgenic plants, carrying the different cDNA/gene 
constructs, are important for identifying possible differences in gene-enzyme regulation 
(or processing) in higher and lower plants. For example, from the cDNA constructs 
having the Chlorella or higher-plant chloroplast transit-peptide sequence, it should be 
possible to show whether the lower plant transit-peptide sequence will direct the NADP- 
GDH precursor-protein into the Arabidopsis chloroplast and will be recognized and 
processed by the endopeptidase(s) of this higher plant. Also, another question of 
comparative biochemistry importance is whether the natural promoter(s) of the Chlorella 
NADP-GDH gene will be recognized by the regulatory proteins/RNA polymerase of 
Arabidopsis . Moreover, if the NADP-GDH gene is transcribed into a large precursor 
mRNA (pre-mRNA) in this higher plant, will the many exons (including one only 16 bp) 
be spliced together correctly? 

Efficiency of inorganic nitrogen assimilation, carbon dioxide fixation, and biomass yield 
in transgenic Arabidopsis plants expressing chloroplastic NADP-GDH 

For every NH 4 * assimilated into glutamate by the chloroplastic NADP-GDH rather 
than by the GS/GOGAT pathway, one ATP should be saved. A question of importance 
from an agricultural biotechnology standpoint is whether this savings in ATP can be 
translated into a net gain in energy that can be used for anabolic processes by the plant. 

Before plant productivity studies are considered, several basic measurements need 
to be performed on the different (isolates) Arabidopsis transgenic plants having 
chloroplastic NADP-GDH activity. Due to variations in the number of copies (gene 
dosage) of the NADP-GDH cDNA/gene that can be inserted into the Arabidopsis 
genome and in their position(s) in the genome (i.e., adjacent genes/promoters can 
influence expression of inserted gene), different amounts of NADP-GDH activity may 
accumulate in the leaves. Firstly, it will be important to rank the transformants on the 
basis of their amount of leaf NADP-GDH activity. Their degree of resistance to 
chlorosis under photorespiratory conditions may prove to be correlated to the amount 
of NADP-GDH activity in their leaves. Secondly, the NH 4 * concentration in the leaves 
will be measured before transfer to photorespiratory conditions and during a time-course 
thereafter. Thirdly, the photosynthetic rate will be measured (22) as a function of time 
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after transfer to photorespiratory conditions. As controls, the same measurements will 
be performed on the wild- type and GS/GOGAT mutant (not transformed) Arabidopsis 
plants. 

Because of the possible variation in gene dosage, there could be a wide range of 
NADP-GDH activities in the transformants. From a plant energy-economy standpoint, 
thff idgal transgdrac-plairtv)ol<^ will be thoac 



lower; ot inh 4 ^ in the leaves under photorespiratory conditions. Because the NADP- 
GDH cDNA/gene insertions into the Arabidopsis genome might lower the activity of 
some essential plant enzyme unrelated to nitrogen metabolism, a number of NADP- 
GDH transformants will be evaluated in the biomass productivity studies. The following 
comparisons will be made-between wild-type Arabidopsis and the aforementioned final- 
selection of transformants during growth (in a random-block design) under 
photorespiratory conditions: 

a. Generation time from seed germination until seed set. 

b. Total protein, total RNA, total DNA, lipid, starch, and chlorophyll content of leaves 
(per fresh and dry weight) at periodic intervals during growth/maturation cycle. 

c. Total weight of seed produced. 

d. Rates of uptake of N0 3 " and NH A * in separate nutrition experiments vs. 
developmental stage. 

e. Rate of 14 C0 2 incorporation by the intact plant. 

f. Leaf ADP/ ATP ratio. 

D. Figure Legends and Figure^ 

Fig. 1 AJB,C Pathways of inorganic nitrogen assimUation/reassimilation in A. thaliana 
leaves, C sorokiniana cells, and transgenic/mutant A. thaliana leaves. 

s 

Fig. Z Restriction maps and exon domains of NADP-GDH genomic DNA clones, pGDg 
14.10.1, 8.4.4, 14.4.1, 15.2.1. The entire region of the NADP-GDH consensus cDNA 
shown in Fig. 3 A was used to determine the positions of 22 exons (black boxes) which 
are interrupted by introns with nuclear consensus splice sites at the exon/intron 
junctions. The heavy black-lines indicate those regions in the clones which have been 
sequenced (14). 

Fig. 3 AJB,C Restriction maps of 17 NADP-GDH cDNAs isolated from a cDNA library 
prepared from total poly(A)*RNA extracted from cells induced for 80 min in 29 mM 
NH A * medium. Panel A, 2,146 bp consensus NADP-GDH cDNA restriction map. The 
heavy and light black-lines are the amino-acid coding region and the 3' -untranslated 
region, respectively. The regions corresponding to the conserved region probe (242 bp 
PslI fragment) and the 3 ' -untranslated region probe (378 bp Nar l/ Smal fragment) are 
indicated. Panel B, the cDNA clones pGDc 2, 3, 6, 7, 10, and 23 were isolated using a 
heterologous 1.2 kb probe from the gdhA gene from S. thyphimurium . Both strands of 
pGDc23 (1.91 kb) have been sequenced as indicated by the arrows. Panel C, the cDNA 
clones, pGDc 30, 31, 32, 33, 34, 35, 36, 38, 39, 42 and 44 were isolated using a 
homologous 115 bp Pst I fragment from near the 5 '-end (overlapping into conserved 
region) of pGDc23 (15). 



11 



Best Available Copy 



Fig. 4. Nucleotide sequence of the highly conserved region of a NADP-GDH cDNA, 
pGDc23, and comparison of its deduced amino acid with the amino acid sequences of 
Escherichia coli and Neurospora crassa NADP-GDHs (15). 

Fig. 5. Diagram of modified model for regulation of activity, synthesis, inactivation, and 
degradation of a and-^45oeni^mcs-Qf->Ji\DP GDH4nX^oi^niana^ 
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ORGANIZATION 

University of Florida/Division of Sponsored Research 



PROPOSAL NO. 



DURATION (MONTHS) 



Proposed Granted 



PRINCIPAL INVESTIGATOR/PROJECT DIRECTOR 
. Robert R. Schmidt . . 



AWARD NO. 



A. SENIOR PERSONNEL: PI/PD. Co-PI's, Faculty and Other Senior Associates 
(List each separately with title. A.6. show number in brackets) 




NSF Funded 
Person-mos. 



CAL ACAD SUMR 



Funds 
Requested By 
Proposer 



Funds 
Granted By NSF 
(If Different) 

f 5 



5. ( ) OTHERS (LIST INDIVIDUALLY ON BUDGET EXPLANATION PAGE) 



6. 



( ) TOTAL SENIOR PERSONNEL (1-5) 



B. OTHER PERSONNEL (SHOW NUMBERS IN BRACKETS) 



1.( ) POST DOCTORAL ASSOCIATES 



2. ( ) OTHER PROFESSIONALS (TECHNICIAN, PROGRAMMER, ETC.) 



3. ( 3 ) GRADUATE STUDENTS (Ph.D. candidates) 

4. ( 2 ) UNDERGRADUATE STUDENTS Part-time g 4.75/hr, 



32,80? 



?.nnn 



5. ( ) SECRETARIAL CLERICAL 



6. ( ) OTHER 



TOTAL SALARIES AND WAGES (A+B) 



C. FRINGE BENEFITS (IF CHARGED AS DIRECT COSTS) 



TOTAL SALARAIES, WAGES AND FRINGE BENEFITS (A+B+C) 

D. PERMANENT EQUIPMENT (LIST ITEM AND DOLLAR AMOUNT FOR EACH ITEM 
EXCEEDING $1,000:) 

Small equipment items costing less than $500 ea., e.g., pumps, 
mixers, Plexiglas electrophoresis chambers, Eppendorf automatic 
pipettes, etc. 



TOTAL PERMANENT EQUIPMENT 



34,805 



■■■■■ 



2,000 



E. TRAVEL 1. DOMESTIC (INCL CANADA AND U.S. POSSESSIONS) National meetings 



2,000 



2. FOREIGN 



F. PARTICIPANT SUPPORT COSTS 

1. STIPENDS $ 

£ TRAVEL 

3. SUBSISTENCE 

4. OTHER 



( ) TOTAL PARTICIPANT COSTS 



G. OTHER DIRECT COSTS 



1. MATERIALS AND SUPPLIES 



2. PUBLICATION COSTS/DOCUMENTATION/OISSEMINATION 



i . son 



3. CONSULTANT SERVICES 



4. COMPUTER (ADPE) SERVICES 



5. SUBCONTRACTS 

6. OTHER (Repair ot major equipment items) 



2,500 



TOTAL OTHER DIRECT COSTS 
H. TOTAL DIRECT COSTS (A THROUGH G) 



21*000 



I. INDIRECT COSTS (SPECIFY RATE AND BASE) 

45% modified total direct costs 
TOTAL INDIRECT COSTS 



J. TOTAL DIRECT AND INDIRECT COSTS (H ♦ I) 



59,805 



26,912 



86,717 



K. RESIDUAL FUNDS (IF FOR FURTHER SUPPORT O F CURRENT PROJECTS SEE GPM 252 AND 253) 
L AMOUNT OF THIS REQUEST (J) OR (J MINUS K) 



PI/PD TYPED NAME & SIGNATURE* 
Robert R. Schmidt 


DATE 


FOR NSF USE ONi 


.Y 


INDIRECT COST RATE VERIFICATION 


INST. REP. TYPED NAME & SIGNATURE* 


DATE 


DateChecKed 1 Date of Rate Sheet 


Inititals-DGC 











NSF Form 1 030 (8/90) Supersedes Ail Previous Editions 



•SIGNATURES REQUIRED ONLY FOR REVISED BUDGET (GPM 233) 



20 



(SEE INSTRUCTIONS ON REVERSE 



Best Available Copy 

SUMMARY 



SECOND YEAR 



APPENDIX V 



BEFORE COMPLETING PROPOSAL BUDGET 


FOR NSF USE ONLY 


ORGANIZATION 

University of Florida/Division of Sponsored Research 


PROPOSAL NO. 


DURATION (MONTHS) 


Proposed 


Granted 


PRINCIPAL INVESTIGATOR/PROJECT DIRECTOR 
Robert R. Schmidt * 


AWARD NO. 







A. SENIOR PERSONNEL; PI/PD. Co-PPs, Faculty and Other Senior Associates- 
(List each separately with title, A.6. show number in brackets) 



NSF Funded 

Person -mos. 



CAL ACAD SUMR 



Funds 

Requested By 
Proposer 



— Funds 

Granted By NSF 
(If Different) 



R.R. Srhmifir. (tra^ara p a cn^ r h p rn f P ^^ /x>t\ 



5.( 



) OTHERS (LIST INDIVIDUALLY ON BUDGET EXPLANATION PAGE) 
"1 ) TOTAL SENIOR PERSONNEL (1-5) 



S. OTHER PERSONNEL (SHOW NUMBERS IN BRACKETS) 
~~M ) POST OOCTORAL ASSOCIATES 



2. ( ) OTHER PROFESSIONALS (TECHNICIAN, PROGRAMMER, ETC.) 



3.( 3 ) GRAOUATE STUDENTS (Ph.D. candidates) 



34,445 



4.( 2 ) UNDERGRADUATE STUDENTS Part-time @ 4.75/hr 



5. ( ) SECRETARIAL CLERICAL 



2,000 



s.( 



) OTHER 

TOTAL SALARIES AND WAGES (A+B) 
C. FRINGE BENEFITS (IF CHARGED AS DIRECT COSTS) 



36,445 



TOTAL SALARAIES, WAGES AND FRINGE BENEFITS (A+B+C) 



D. PERMANENT EQUIPMENT (LIST ITEM AND DOLLAR AMOUNT FOR EACH ITEM 
EXCEEDING $1,000:) 

Small equipment items costing less than $500 ea. 



TOTAL PERMANENT EQUIPMENT 
E TRAVEL 1. DOMESTIC (INCL. CANADA AND U.S. POSSESSIONS) National meetings 
2. FOREIGN " 



2.000 



2,000 



F. PARTICIPANT SUPPORT COSTS 

1. STIPENDS $ 

2. TRAVEL 

3. SUBSISTENCE 

4. OTHER 



( ) TOTAL PARTICIPANT COSTS 
G. OTHER DIRECT COSTS 



1. MATERIALS AND SUPPLIES 

Z PUBLICATION COSTS/DOC UMENTATION/DISSEMINATION 



17,850 



1,500 



3. CONSULTANT SERVICES 



4. COMPUTER (ADPE) SERVICES 



5. SUBCON TRACTS 

6. OTHER 



(Repair of major equipment items!" 



TOTAL OTHER DIRECT COSTS 



H. TOTAL DIRECT COSTS (A THROUGH G) 



21,850 



I. INOIRECT COSTS (SPECIFY RATE AND BASE) 

45% modified total direct costs 
TOTAL INDIRECT COSTS 



62,295 



if 



J. TOTAL DIRECT AND INOIRECT COSTS (H + I) 



28iQ33 



K. RESIDUAL FUNDS (IF FOR FURTHER SUPPORT OF CURRENT PROJECTS SEE GPM 252 AND 253) 



L AMOUNT OF THIS REQUEST (J) OR (J MINUS K) 



$90,328 



PI/PD TYPED NAME & SIGNATURE' 
Robert R. Schmidt 



INST. REP. TYPED NAME & SIGNATURE- 



DATE 



DATE 



FOR NSF USE ONLY 



INDIRECT COST RATE VERIFICATION 



Date Checked 



Date of Rate Sheet 



Inititals-DGC 



NSF Form 1030 (8/90) Supersedes AH Previous Editions 
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'SIGNATURES REQUIRED ONLY FOR REVISED BUDGET (GPM 233) 



Best Available Copy 



(SEE INSTRUCTIONS ON REVERSE 
BEFORE COMPLETING 



SUMMARY THIRD YEAR 
PROPOSAL BUDGET 



APPENDIX V 



FOR NSF USE ONLY 



ORGANIZATION " . 

University of Florida/Division of Sponsored Research 



PROPOSAL NO. 



PRINCIPAL INVESTIGATOR/PROJECT OIRECTOR 
Robert R. Schmidt' 



DURATION (MONTHS) 



Proposed Granted 



AWARD NO. 



"A. SENIOR PERSONNEL: PI/PD. Co-PI's, Faculty and Other Senior Associates 
(List each separately with title, A.6. show number in brackets) 



1 fl.R. Schmidt "Graduate fl e wa-i*ek"- f luu e as ui (r &lF 



NSF Funded 
Person-mos. 



CAL ACAD SUMR 



Funds 
Requested By 
Proposer 



Funds 
Granted By NSF 
(If Different) 



5. ( ) OTHERS (LIST INDIVIDUALLY ON BUDGET EXPLANATION PAGE) 



( ) TOTAL SENIOR PERSONNEL (1;5) 



B. OTHER PERSONNEL (SHOW NUMBERS IN BRACKETS) 



1.( 



) POST DOCTORAL ASSOCIATES 



2. ( ) OTHER PROFESSIONALS (TECHNICIAN, PROGRAMMER. ETC.) 



3.( J ) GRADUATE STUDENTS (Ph.D. candidates!" 



4.( 2 ) UNDERGRADUATE STUDENTS Part-time g $j.00/hr" 



36,16/ 



2,300 



iii 



) SECRETARIAL CLERICAL 



) OTHER 



TOTAL SALARIES AND WAGES (A+B) 



C. FRINGE BENEFITS (IF CHARGED AS DIRECT COSTS) 



38,667 



TOTAL SALARAIES, WAGES AND FRINGE BENEFITS (A+S+C) 



D. PERMANENT EQUIPMENT (LIST ITEM AND DOLLAR AMOUNT FOR EACH ITEM 
EXCEEDING $1,000:) 

Smkll equipment items costing less than $500 ea. 



TOTAL PERMANENT EQUIPMENT 



38,667 



E. TRAVEL 1. DOMESTIC (INCL. CANADA AND U.S. POSS ESSIONS) Wati opaI ^prin^ 
2. FOREIGN ~~ — & — 



2,000 



2,000 



F. PARTICIPANT SUPPORT COSTS 

1. STIPENDS $ 

2. TRAVEL 

3. SUBSISTENCE 

4. OTHER 



( ) TOTAL PARTICIPANT COSTS 



G. OTHER DIRECT COSTS 



1 . MATERIALS AND SUPPLIES 

2. PUBLICATION COSTS/DOCUMENTATION/DISSEMINATION 



3. CONSULTANT SERVICES 



4. COMPUTER (ADPE) SERVICES 



18,743 



1 .500 



,7 v<? 



5. SUBCONTRACTS 

6. OTHER 



(Repair of major equipment items) 



2,500 



TOTAL OTHER DIRECT COSTS 



22,743 



H. TOTAL DIRECT COSTS (A THROUGH G)" 



65,410 



INDIRECT COSTS (SPECIFY RATE AND BASE) 

45% modified total direct costs 
TOTAL INDIRECT COSTS 



J. TOTAL DIRECT AND INDIRECT COSTS (H + I) 



291*35 



K. RESIDUAL 



FUNDS (IF FOR FURTHER SUPP ORT OF CURRENT PROJECTS SEE fiPM W and 

\C TUlO orni ir^'n-r- / it ^« _ — — . ' 



L. AMOUNT OF THIS REQUEST (J) OR (J M1NUSK) 



PI/PD TYPED NAME & SIGNATURE" 
Robert R. Schmidt 



DATE 



$ 94,845 



FOR NSF USE ONLY 



INDIRECT COST RATE VERIFICATION 



INST. REP. TYPED NAME & SIGNATURE* 



DATE 



Date Checked 



Date of Rate Sheet 



Inititais-DGC 



NSF Form 1030 (8/90) Supersedes All Previous Editions 



22 'SIGNATURES REQUIRED ONLY FOR REVISED BUDGET (GPM 233) 



(SEE INSTRUCTIONS ON REVERSE 



Best Available Copy 

SUMMARY 



FOURTH YEAR 



APPENDIX V 



BEFORE COMPLETING PROPOSAL BUDGET 


FOR NSF USE ONLY 


ORGANIZATION 

University of Florida/Division of Sponsored Research 


PROPOSAL NO. 


DURATION (MONTHS) 


Proposed 


Granted 


PRINCIPAL INVESTIGATOR/PROJECT DIRECTOR 
Robert R. Schmidt • 


AWARD NO. 







A. SENIOR PERSONNEL: Pl/PD. Co-PI's, Faculty and Other Senior Associates- 
(Ust each separately with title. A.6. show number in brackets) 




) OTHERS (LIST INDIVIDUALLY ON BUDGET EXPLANATION PAGE) 



NSF Funded - 
Person-mos. 



Funds 

Requested By 
Proposer 



— Funds- - 
Granted By NSF 
(If Different) 



) TOTAL SENIOR PERSONNEL (1-5) 



B. OTHER PERSONNEL (SHOW NUMBERS IN BRACKETS) 



1. ( ) POST DOCTORAL ASSOCIATES 



2. ( ) OTHER PROFESSIONALS (TECHNICIAN; PROGRAMMER, ETC.) 



3.( 3 ) GRADUATE STUDENTS (Ph.D. candidates) 



37 ,975 



5. ( ) SECRETARIAL CLERICAL 



6. ( ) OTHER 

TOTAL SALARIES AND WAGES (A+8) 

3. FRINGE BENEFITS (IF CHARGED AS DIRECT COSTS) 



40,475 



TOTAL SALARAIES, WAGES AND FRINGE BENEFITS (A+8+C) 



40.475 



D. PERMANENT EQUIPMENT (LIST ITEM AND DOLLAR AMOUNT FOR EACH ITEM 
EXCEEDING $1,000:) 

Small equipment items costing less than $500 ea. 



TOTAL PERMANENT EQUIPMENT 



E. TRAVEL 1. DOMESTIC (INCL. CANADA AND U.S. POSSESSIONS) National meetings 



2,000 



2,000 



2. FOREIGN 



F. PARTICIPANT SUPPORT COSTS 

1. STIPENDS $ 

2. TRAVEL 

3. SUBSISTENCE 

4. OTHER 



( 



) TOTAL PARTICIPANT COSTS 



G. OTHER DIRECT COSTS 



1. MATERIALS AND SUPPLIES 



19,680 



2. PUBLICATION COSTS/OOCUMENTATION/DISSEMINATION 



3. CONSULTANT SERVICES 



4. COMPUTER (ADPE) SERVICES 



1 .^00 



5. SUBCONTRACTS 



6. OTHER 



(Repair of major equipment items) 



TOTAL OTHER DIRECT COSTS 
H. TOTAL DIRECT COSTS (A THROUGH G) 



2,500 



23,680 



68,155 



l. INDIRECT COSTS (SPECIFY RATE AND BASE) 

45% modified total direct costs 
TOTAL INDIRECT COSTS 



TOTAL DIRECT AND INDIRECT COSTS (H + I) ~~ " 

K. RESIDUAL FUNDS (IF FOR FURTHER SUPPORT OF CURRENT PROJECTS SEE GPM 252 AND 253) 



AMOUNT OF THIS REQUEST (J) OR (J MINUS K) 
Pl/PD TYPED NAME & SIGNATURE' 
Robe rt R. Schmidt 



30, $70 



98,825 



S 98,825 



INST. REP. TYPED NAME & SIGNATURE* 



DATE 



DATE 



FOR NSF USE ONLY 



INDIRECT COST RATE VERIFICATION 



Date Checked 



Date of Rate Sheet 



Inititals-OGC 



NSF Form 1030 (8/90) Supersedes Ait Previous Editions 



■SIGNATURES REQUIRED ONLY FOR REVISED BUDGET (GPM 233) 
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Best Available Copy 



(SEE INSTRUCTIONS ON REVERSE 



SUMMARY CUMULATIVE BUDGET 



APPENDIX V 



BEFORE COMPLETING PROPOSAL BUDGET 


FOR NSF USE ONLY 


ORGANIZATION 

University of Florida/Division of Soonsored Research 


PROPOSAL NO. 


DURATION (MONTHS) 


Proposed 


Granted 


PRINCIPAL INVESTIGATOR/PROJECT DIRECTOR 
Robert R. Schmidt 


AWARD NO. 







. - _ w . . W , . J w wii iwi >» 

(List each separately with title, A.6. snow number in brackets) 



NSF Funded 
Person-mos. 



■•U.WKMMMII.'.I:) 



Funds 
Requested By 

Prcwsy 




Funds 
Granted By NSF 
(It Different) 



4. 



5. ( ) OTHERS (LIST INDIVIDUALLY ON BUDGET EXPLANATION PAGE) 



( ) TOTAL SENIOR PERSONNEL (1-5) 



B. OTHER PERSONNEL (SHOW NUMBERS IN BRACKETS) 



1. ( ) POST DOCTORAL ASSOCIATES 



2. ( ) OTHER PROFESSIONALS (TECHNICIAN, PROGRAMMER, ETC.) 



3. ( 3 ) GRADUATE STUDENTS 



4. ( 2 ) UNDERGRADUATE STUDENTS 
~( ) SECRETARIAL CLERICAL 



q.non 



6. ( ) OTHER 



TOTAL SALARIES AND WAGES (A+3) 



C. FRINGE BENEFITS (IF CHARGED AS DIRECT COSTS) 



HO .192 



TOTAL SAURAIES. WAGES AND FRINGE BENEFITS (A+B+C) 



15Qi392 



D. PERMANENT EQUIPMENT (LIST ITEM AND DOLLAR AMOUNT FOR EACH ITEM 
EXCEEDING $1,000:) 

i » 
Small equipment items costing less than $500 ea., e.g., pumps, 
mixers, Plexiglas electrophoresis chambers, Eppendorf automatic 
pipettes, etc. 



TOTAL PERMANENT EOUIPMEH* 



- : ,v;. : : •; 

- , : 



E. TRAVEL 1. DOMESTIC (INCL CANAPX AND U.S. POSSESSIONS^"" 



8,000 



2, FOREIGN 



8,000 



F. PARTICIPANT SUPPORT COSTS 

1. STIPENDS $ 

2. TRAVEL 

3. SUBSISTENCE 

4. OTHER ~ ~ "~ 



;^5c^i.Tv- : :;';. r: 



7 <. A&7*£?$ *•* 



( ) TOTAL PARTICIPANT COSTS 



G. OTHER DIRECT COSTS 



,1. MATERIALS AND SUPPLIES . 

2. PUBLICATION COSTS/OOCUMENTATION/DISSEMINATION 



73,273 



3. CONSULTANT SERVICES 

4, COMPUTER (AOPE) SERVICES 



6,000 



5. SUBCONTRACTS 



6. OTHER 



(Repair of major equipment items) 

TOTAL OTHER DIRECT COSTS 



10,000 



H. TOTAL DIRECT COSTS (X THRQUGH"gT 



89,273 



INDIRECT COSTS (SPECIFY RATE ANO BASE) 
45% modified total direct costs 

TOTAL INDIRECT COSTS 

TOTAL DIRECT AND INDIRECT COSTS (H - 



25?, 66j 



115^050 



•i) 



K. RESIDUAL FUNDS (IF FOR FURTHER SUPPORT OF CURRENT PROJECTS SEE GPM 252 AND 253) 
L AMOUNT OF THIS REQUEST (J) OR (J MINUS K) 



$ 370>715 



PI/PO TYF?ED NAME * SIGNATURE* 

Robert R. Schmidt 

INST. REP. TYPED NAME & SIGNATURE 



DATE 



DATE 



FOR NSF USE ONLY 



INDIRECT COST RATE VERIFICATION 



Date Checked 



Date of Rate Sheet 



Inititals-DGC 



NSF Form 1030 (8/90) Supersedes Ail Previous Editions 
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SIGNATURES REQUIRED ONLY FOR REVISED BUDGET (GPM 233) 



Best Available Copy 



BUDGET JUSTIFICATION 
Personnel: _ 




2. Three Graduate Research Assistants: 

Mr. Richard Hutson . received a B.S. degree in Microbiology from the Virginia 
Polytechnic Institute and State University, and will receive the M.S. degree in molecular 
biology under my direction in He will pursue his Ph.D. in my laboratory. 

Mr. Philip Miller received a M.S. degree in Genetics from Appalachian State 
University and joined my laboratory Spring Semester 1990 and is pursuing his Ph.D. in 
molecular biology under my direction. 

Ms. Brenda Russell received a M.S. degree in Microbiology from the Virginia 
Polytechnic Institute & State University and joined my laboratory Summer Semester 
1990 and is pursuing her PhJD. in molecular biology under my direction. 

Each of these graduate students is currently working on aspects of the molecular 
biology of the Chlorella and Arabidopsis project. Their continued work in this area 
requires an extramural grant 

3. Laboratory Aids: 

Part-time undergraduate-student employees are required to wash and/or sterilize the 
large volume of dirty laboratory glassware and culture tubes, etc. generated by an active 
research group. These part-time laboratory aids also are involved in the general 
laboratory maintenance required in a biochemistry/molecular biology laboratory. 

4. Laboratory Technician fState funded); 

Ms. Waltraud Dunn, a senior level state-funded laboratory technician will devote 
approximately 25% of her time to this project with no funds requested for her salary 
from the NSF. 

The salaries of the graduate students will be increased by 5% each year. There is a 
Graduate Student Union at the University of Florida that negotiates raises each year which 
range between 4% and 6%. 

Permanent Equipment: 

At the present time, we have (or have access to) all of the major equipment items 
required for this project. However, we routinely need to purchase small permanent 
equipments items which cost less than $500, i.e., automatic pipettes, electrophoresis 
chambers, dialysis chambers, pumps, thermoregulators, magnetic stirrers, heaters, etc. 
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Best Available Copy 



Travel: 

_ Funds, are .requested to. give_ talks /posters„at„the.nationaLmeetings. of -the. American. 
Society of Biological Chemists, American Society of Plant Physiologists, and the American 
Society of Microbiology. The principal investigator, and graduate students will be attendees 



Materials and Supplies (per year): ~ 

1. Radioactive compounds, .enzyme substrates, protein standards, restriction enzymes and 
other recombinant DNA reagents and linkers, translation assay components, Protein A, 
and other biochemical reagents, etc. $11,000 

2. Chromatography, electrophoresis, chromatofocusing columns, gels, packings, affinity 
resins, cellulose nitrate paper and other derivatized papers, polybuffers, etc. S3,000 

3. Glassware, plasticware, scintillation vials, Eppendorf pipettes tips, distilled H 2 0 dionizer 
cartridges, culture tubes, microcentrifuge tubes, liquid nitrogen, carbon dioxide, argon, 
X-ray film, etc. $3,000 

Because of the rapid increase in costs of biochemical and molecular biology reagents, 
a 5% increase per year is budgeted. 

Publication Costs/Page Charges: 

The funds are requested for page costs and also for making photographs of gels, 
autoradiograms, etc. and for preparation of figures for publication. With research 
progressing so rapidly, it is anticipated that equal funding will be required each year for 
publication related costs. 

Other Direct Costs: 



The costs for repairs of power supplies, centrifuges, low temperature freezers, Coulter 
ceil counter, spectrophotometer, freezer drier, fraction collectors, etc. routinely costs a 
minimum of $2,500 per year. 
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APPENDIX 
Facilities 



Dr. Schmidt has a laboratory of 1,600 sq. ft which has essentially all of the equipment 
r^qin'rpfl fnr mndem resparrh in plant and rnirrohial hinrhemistTy and mnlemlar hinlngy 

analytical and preparative slab-gel electrophoresis, transilluminator with Polaroid camera, 
fraction collectors and monitors, density-gradient former and fractionators, 1 - 
ultracentrifuge, several refrigerated centrifuges, -70 °C freezer, Gilford recording 
spectrophotometer, a laboratory personal computer connected to university VAX, etc. In 
addition, the department has scintillation counters, an oligonucleotide synthesizer, electron 
microscopes, etc. The university Interdisciplinary Center for Biotechnology Research 
(ICBR) has the protein sequencer, amino acid analyzers, LKB laser densitometer, DNA 
sequencer, DNA synthesizer, etc. The ICBR also has a core facility for isolation and 
production of monoclonal antibodies and also polyclonal antibodies. 

Essential for this project is a large constant-temperature, fluorescent-lighted, sealed 
environmental chamber for culturing GS and GOGAT Arabidopsis mutant plants in a 
controlled atmosphere of 1% C0 2 -air. We have successfully cultured Arabidopsis plants to* 
maturity from seed in 4 to 6 weeks in this chamber. In addition, we have constructed 10 
fluorescent-light shelves (3 ' x 5') for culturing wild-type or transgenic Arabidopsis plants 
in a constant temperature (22 °C) culture room in normal air. All culturing of transgenic 
plants will be in the environmental chamber or culture room. No transgenic plants will be 
cultured outside of Dr. Schmidt's laboratory. 

The culture room also has facilities for growing plant tissue cultures and also mass 
cultures of algae and bacteria, and it houses a Sharpies continuous-flow centrifuge for 
harvesting large culture volumes. In addition, his laboratory has its own walk-in coldroom 
laboratory (104 sq. ft.), and a darkroom (55 sq. ft.) for development of autoradiograms and 
for viewing nucleic acids in gels with a transilluminator. 

To facilitate the direction/advisement of his graduate students, Dr. Schmidt's office 
opens directly into his main laboratory where students have their laboratory benches and 
desks. 
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